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Abstract

Resolving open questions regarding transport in nanostructures can have a huge impact 

on a broad range of future technologies such as light harvesting for energy. Silicon has 

potential to be used in many of these applications. Understanding how the band edges 

of nanostructures move as a function of size, surface termination and assembly is of 

fundamental importance in understanding the transport properties of these materials. In 

this thesis work I have investigated the change in the electronic structure of silicon 

nanoparticle assemblies as the surface termination is changed. Nanoparticles are 

synthesized using a thermal evaporation technique and sizes are determined using 

atomic force microscopy (AFM). By passivating the particles with molecules containing 

alcohol groups we are able to modify the size dependent band edge shifts. Both the 

valence and conduction bands are measured using synchrotron based x-ray absorption 

spectroscopy (XAS) and soft x-ray fluorescence (SXF) techniques. Particles synthesized 

via recrystallization of amorphous silicon/SiO2 multilayers of thicknesses below 10 nm 

are also investigated using the synchrotron techniques. These samples also show 

quantum confinement effects but the electronic structure is different from those 

synthesized via evaporation methods. The total bandgap is determined for all samples 

measured. The origins of these differences in the electronic structures are discussed. 
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Chapter 1:

Introduction

Silicon is an important material for many areas of technology including 

microchips and solar energy conversion and storage1,2. Integrated circuits (ICs) are 

made from circuits of transistors which are composed of predominantly silicon and solar 

cells are also fabricated from poly-crystalline silicon. Although silicon has already made 

its mark in technological history, Moore's law predicts that transistors will eventually no 

longer be able to shrink in size to accommodate the need for increasing memory 

capacity and speed3. In response to this, the researchers have pursued and alternative

avenue for information transferal; optoelectric technology. In this technology, light, which 

can travel faster than electrons, will be used to transfer information in computing 

systems. There is, however, a problem with integrating silicon into these new 

technologies: silicon has an indirect bandgap which makes it a poor light emitter4,5. 

There has been considerable effort to obtain light emission from silicon 

structures. The fabrication of silicon/germanium structures resulted in a small increase in 

the emission efficiency but not to the point necessary for applications using light 

emission6,7. It has also been observed that the optical properties of semiconductors 

change at very small sizes and, as a consequence, we are interested in studying the 

novel optical properties of silicon that appear at the nanoscale. Some direct bandgap 

semiconductors have well understood size dependent optical properties that are 

attributed to quantum confinement8,9. An explanation of quantum confinement will be 

given in the next chapter. These properties are potentially suitable for use in a wide 

range of applications such as biological sensors10,11 and light emitting diodes (LEDs)12.
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In silicon, the mechanisms for light emission have not been unambiguously 

determined and many possible origins have been identified. Along with the effects of 

quantum confinement, defect states, surface states and strain have all been identified as 

possible sources of emission from silicon nanostructures13-17.

Due to the difficulties associated with generating silicon nanostructures, a variety 

of methods have been developed for their synthesis and reported in the literature. 

Significantly, further characterization of these materials has demonstrated that they 

exhibit distinct, and often conflicting, optical properties with respect to one another (eg. 

differences in the bandgap of the silicon nanostructures), which can be directly attributed 

to variations in the methods of synthesis18. Therefore, the variation in the modes of 

synthesis (and, by extension, sample uniformity) used within the scientific community 

makes it difficult to resolve the mechanisms of luminescence from silicon nanomaterials. 

This problem is compounded by the fact that the Si NCs are not always quantitatively 

evaluated beyond their size and interesting physical properties (e.g. novel light 

emission).  A synopsis of the PL peak energy produced from many of these syntheses 

was compiled by Wilcoxon et. al.19 and is illustrated by the graph in figure 1.1.  The 

discrepancies in the data are attributed to the lack of consistent synthesis conditions and 

surface termination. Although theoretical calculations are usually helpful in resolving

such discrepancies, the theoretical treatments have also provided inconsistent results.

The variation in emission properties of the Si nanostructures could be due, in 

part, to the different surface states produced by each synthetic method. Surface states

are known to play a major role in many emission processes but little is known about the 

effects of surface passivation on the quantum confinement effects in silicon 

nanoparticles. A thorough investigation of surface termination and proximity will reveal 

the mechanisms of light emission and transport properties.
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Fig. 1.1: Photoluminescence peak energies compiled for various silicon nanoparticle syntheses 
and theoretical calculations. The different syntheses produced many different results. 
Reproduced from Wilcoxon et. al.19Copyright (1999) by the American Physical Society.
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Despite a large research effort in the area of silicon nanoparticles, there are still several 

questions that need to be answered before these structures can fully utilized in 

technological applications such as the role of surface states and proximity on the 

photoluminescence, and the correlation of sample synthesis to changes in the electronic.

In this thesis, the electronic properties of silicon nanoparticles are investigated

using x-ray absorption spectroscopy (XAS) and soft x-ray fluorescence spectroscopy 

(SXF). The benefits of using these techniques allow us to obtain quantitative, element-

specific information regarding the atomic and electronic structure for an extended range 

of Si-based nanocrystalline materials.  Specifically, XAS and SXF have been used in 

mapping the evolution in electronic band structure in order to clarify the mechanisms of 

quantum confinement like behavior in Si NCs. 

The electronic structure of silicon nanoparticles as a function of surface is 

examined in a well controlled environment. Two different syntheses have been 

investigated to compare the effects of synthesis on electronic properties. The focus of 

this thesis work is to characterize the electronic structure of thermally evaporated silicon 

nanoparticles and how the surface passivation affects these electronic properties. The 

use of gas phase synthesis creates clean nanoparticle surfaces and the nature of the 

experiments performed immediately alerts us to sample contamination or variation. 

Samples that are passivated by oxide are also measured. Both types of sample exhibit

changes in the electronic structure due to quantum confinement but the magnitudes of 

these effects vary with surface passivation. The electronic structures of each of these 

sample types are discussed, as are possible reasons for differences between the two.
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Chapter 2: 

Background and Theory

This chapter provides some theoretical and empirical background for this thesis. 

A brief explanation of quantum confined structures is covered and is accompanied by a 

discussion of relevant literature within the field. 

2.1 Quantum Confinement

The focus of this thesis is a characterization of specific size dependent properties 

of silicon nanocrystals that have considerable technological relevance. Not least among 

these properties are the size-dependent optical and electronic properties that could be 

tailored for use in a number of applications, such as memory devices and more efficient 

solar cells, once they are more fully understood. Since many of the size-dependent 

changes in nanomaterials properties are attributed to quantum confinement, a brief 

explanation is required to fully understand both the purpose of this research and the 

characterization that is performed within it. 

In a semiconductor material, the electrons of highest energy of filled electronic 

states are referred to as the valence band and the lowest energy unfilled states are 

referred to as the conduction band. These are continuous bands that are separated by 

an energy gap. In an atomic energy diagram of the same material, the energy bands are 

condensed into discrete levels where the electrons are allowed. Figure 2.1 shows the 

atomic and bulk energy schemes.  Quantum confinement occurs as the size of the 
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Fig. 2.1: The electronic structure of a bulk semiconductor is that of continuous bands called the 
valence and conduction bands. The distance between these bands is called the bandgap. The 
energy levels of an atom are discrete energy levels and the electrons are limited to only set 
energy levels called atomic orbitals. 
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particles approaches the Bohr radius for a core exciton in the material and the energy 

bands become more discrete. Some of the energy levels near the edges of the bands 

are no longer allowed, thereby causing the edges of the conduction and valence bands 

to shift.

A simple model to demonstrate the size dependence of the energy levels in a 

nanoparticle is the particle in an infinite square well potential. In this model, an electron 

is confined to a square well of length L with infinite barriers at the edges of this well. The 

time-independent Schrödinger equation for this one electron approximation in an infinite 

square well is:

              )(')()()(
2

2

rErrVr
m

h
                        2.1

where the potential V(r) is:












otherwise

constV
xV 0)( for 0 ≤ x ≤ L 2.2

Because of the infinite barrier at the boundaries of the well, the electron is confined to 

the well, just as it would be in a nanoparticle1. The solution to the Schrödinger equation 

gives the possible energy states of the electron:

mL
E

2


 2.3

where m is the effective mass of the particle. Two important pieces of information can be 

obtained from equation 2.3 regarding the energy states in a confined system. First, the 

energy levels are discrete, as was discussed earlier in the chapter. Second, the energy 

is inversely dependent on the length, L, of the well. While this example is not completely 

applicable to nanoparticles since multiple electrons will be involved, the general 

concepts can be applied to quantum confinement in nanoparticles and one can generally 
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understand the inverse relationship between the size of a nanostructure and the energy 

gap. 

The size and shape of the nanostructure both have an effect upon the degree of 

confinement that occurs. When a structure is only confined in one direction there is the 

case of the quantum well. If the structure is confined in two directions, a quantum wire is 

produced and a quantum dot or nanoparticle is confined in all three directions. The 

effects of increasing the dimension of confinement on the allowed energy states are 

shown in figure 2.2. As the number of confined directions increases, the energy levels 

become more discrete.

Quantum confinement brings about dramatic changes in the electronic and 

optical properties of a material. An example of these changes can be seen in the size 

dependent optical luminescence of direct bandgap semiconductors. A semiconductor 

whose valence band maximum and conduction band minimum are aligned are directly 

over on another in the band diagram are said to have a direct bandgap. Because of this, 

a direct radiative transition from the conduction band to the valence band is possible. 

Examples of direct bandgap semiconductors are cadmium selenide (CdSe), cadmium 

telluride (CdTe) and cadmium sulfide (CdS). The optical properties of materials are often 

studied using photoluminescence spectroscopy (PL). In this technique, an electron is

excited from the occupied states into an unoccupied state via the absorption of a photon. 

At this point the system is in an excited state and the release of energy is required to 

return to a more stable energetic state. As the electron returns to a more stable state, 

some of the energy is lost through vibrational or rotational movement but if the energy 

gap is large enough it can be lost through emitted radiation, luminescence2. Figure 2.3 

provides a schematic of how luminescence is produced. As the size of the particles 

decreases, the luminescence energy increases, which one would anticipate with the 

widening of the bandgap.
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Fig. 2.2: The density of states changes as the structure is confined by increasing directions. A 
bulk material has continuous electronic band structure while a quantum well, confined by only 
direction, has regions of discontinuity. Similarly, the nanowire, confined in two directions and the 
quantum dot, confined in all three directions, yield more discrete energy levels.
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Fig. 2.3: Photoluminescence spectroscopy measures the radiative transitions occurring when an 
excited electron releases the energy it obtained through absorption. Absorption occurs as the 
electron is excited from the occupied states into unoccupied states. Reproduced from reference2.
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2.2 Previous Experimental Work 

2.2.1 Size Dependent Photoluminescence in II-VI Semiconductors

Although quantum confinement has been observed in many forms, the most 

notable, and relevant to this work, is the size dependent emission seen from 

semiconductor nanoparticles3. Almost 30 years ago, light emission from II-VI 

semiconductor nanoparticles was observed to shift toward higher energy as a function of 

decreasing particle size4. As the size of the nanoparticle decreased, the energy of 

emission and absorption increased, which indicated that quantum confinement is the 

reason for this controlled shifting of the luminescence peaks. Quantum confinement was 

theoretically predicted for semiconductors with direct bandgaps4.  One class of such 

materials is the binary II-VI semiconductors, which are composed of two elements with

two valence electrons in the first element and six in the other. Examples of the binary II-

VI semiconductors include CdSe, CdS and CdTe. Quantum confinement was

experimentally confirmed via synthesis of direct bandgap semiconductors with size 

dependent properties, which lead to extensive study of the optical and electronic 

properties of these II-VI materials5,6. Recently, II-IV nanoparticles have been used for

applications such as biological sensing7 and as drug carriers for cancer therapy7,8. There 

has also been research related to changing the nanoparticle shape and size to increase 

the application possibilities. To date, researchers have fabricated many nanostructures 

including hollow nanoparticles9,10,  tetrapods11 and multipods12 with these different 

structures it is predicted that better control of the optical and electrical properties may be 

realized11. 

II-IV quantum dots have shown bright size-dependent luminescence. These II-VI 

QDs have become commercially available due to the large amount of research put into 

these materials. In fact, several companies offer QDs and give dramatic examples of the 
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luminescence on their websites. A high demand for these materials in commercial 

applications has spurned research efforts in these fields. 

 Quantum confinement is generally accepted as responsible for the size-

dependent bandgaps that yield luminescence in the visible region of direct bandgap 

nanoparticles3. However, interfaces, defects and surface effects are also sources of 

nanoparticle luminescence and in indirect gap materials these sources take on a larger 

role13. It has been theoretically shown that dangling bonds at the surface of Si can create 

intermediate states in the bandgap that allow non radiant modes of energy release or 

different emission energies14. Because of these other sources of luminescence it is 

important to understand where changes in the electronic structure originate through 

careful experiments. This thesis will explore how confinement, proximity and surface 

passivation affect the electronic structure of silicon nanoparticles. With this information, 

devices made of silicon nanoparticles can be efficiently and effectively integrated into 

current technologies.

2.2.2 Previous Experimental Work in Silicon

Here is a brief synopsis the methods of producing silicon nanoparticles and the 

relevant research on nanoparticles that have, in a short time, become an important part 

of materials research today. Additional detail on this and related topics can be found in 

the literature3,15.

2.2.2.1 Sample Synthesis

Silicon nanoparticles have been synthesized using many different techniques 

including solution chemistry, ion implantation, annealing of amorphous multilayers, 

growth in glass and gas phase techniques. Although chemical syntheses have been

successfully and extensively produce II-VI semiconductor nanoparticles 3,6,16, high quality 
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silicon nanocrystals have proven more difficult to synthesize using chemical methods17.

Frequently, silicon nanostructures prepared by chemical methods are characterized by

broad size distributions, which leads to broad PL, or are oxidized to some degree and 

this adds complexity to determining the origin of the PL.  

Porous silicon is produced by electrochemically etching silicon wafers. The wafer 

is placed in a 50% HF solution in ethanol and a current controlled electrical source is 

applied. An anodization reaction occurs and the silicon is etched to the point that 2-5 nm 

sized nanosized material is produced in p-type doped silicon18. These structures 

produce bright and efficient luminescence and were the first evidence of size dependent 

optical properties in silicon19. Nonetheless, this synthesis produces wide size 

distributions that lead to broad PL emission.

Chemical synthesis techniques are widely used and studied especially in II-VI 

semiconductor materials. In these techniques, nanoparticles are grown in solution and 

their size is determined by stopping the chemical reaction at the appropriate point. For 

silicon nanostructures, the particles are generally synthesized in a core shell method that 

results in the formation of a crystalline Si core coated with a shell of passivants. The 

organic shell stabilize the surface atoms of the nanoparticle without interfering with the 

optical properties20. However, for silicon nanoparticles, the lack of surface dipoles  has 

hindered the surfactant binding making the process difficult to control21.

Both ion implantation and annealing of amorphous multilayers provide the

advantage of producing nanoparticles that are passivated during the course of the 

syntheses. During ion implantation, silicon is implanted into a silica matrix and 

nanoparticles are grown via Oswald Ripening. Multilayer nanostructures are then

produced via the recrystallization of amorphous silicon/ silica multilayers. Multilayer 

samples are made by alternately depositing amorphous Si and amorphous SiO2 films on 

Si wafers through radio frequency (RF) magnetron sputtering. RF magnetron sputtering 
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is a physical vapor deposition technique that involves the bombardment of a target with 

ions to induce the ejection of atoms and molecules, which are then collected on an 

appropriate substrate. The a-Si layers are crystallized by a rapid thermal anneal (RTA) 

followed by a longer furnace anneal.  The RTA serves to induce nucleation of the 

nanocrystals and the long furnace anneal allows growth to the desired size as well as 

decreasing any defects in the layers22-24. The size of the nanoparticles is restricted by 

the amorphous silicon layer thickness. These samples are also passivated with 

amorphous oxide layers between the particles and have brilliant luminescence.  Inherent 

silica passivation of the Si nanoparticles provides them with great stability but renders 

surface modification essentially impossible. Despite this limitation, interesting structures 

result from this synthesis and one can readily obtain electronic and optical information 

about the embedded silicon nanoparticles25. Chapter 5 gives electronic structure results 

from structures synthesized using this method.

Silicon NP formation within glasses is another synthesis that intrinsically 

passivates the particles. This method was highly researched with II-VI materials in the 

early 1990’s 26 and also to some extent in silicon by Liu et al. 27. In this synthesis, 

semiconductor powder is dissolved into a glass melt and allowed to mix homogeneously. 

The glass pieces are then annealed and the nanoparticles form through nucleation and 

growth, by Oswald ripening. The silica passivation of the nanoparticles leads to intense 

luminescence. However, the poor size distribution and l o w  concentrations of 

semiconductor have made nanoparticle glass synthesis undesirable for many 

applications. Once again, this technique creates particles which cannot be studied 

without the presence of the host material. 

Gas techniques have been found to be most suitable for our goals of studying the 

interactions between nanoparticles and the effects of surface environment on the 

electronic structure. In addition, gas techniques are important because they generate 
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nanoparticles with narrow size distributions and they are performed in an in-situ vacuum 

chamber allowing for study of the nanoparticle surface without exposure to air. It is 

important to note that gas phase techniques also enable relatively large amounts of 

nanoparticles to be synthesized in a short time28.

There are several different gas phase synthesis techniques that include

magnetron sputtering and plasma gas flow. In the magnetron sputtering technique, an 

electron or ion beam, in flowing argon, is directed toward a target made of the desired 

nanoparticle material. The force from the electron beam creates a "plume" of 

nanoparticles which then condenses on a substrate29. The plasma synthesis creates 

nanoparticles by flowing helium and silane gas mixture through a quartz tube at a 

pressure from 1-15 Torr. A current is applied to two copper electrode rings by radio 

frequency and a plasma is created. The particles are then directed to an annealing 

chamber and collected using a Faraday cup30. 

The synthesis that has been used in the research presented here is an inert gas 

evaporation technique. This synthesis successfully produces clean and small particles 

with relatively narrow size distributions. The bulk material, Si, is resistively heated in a 

buffer gas atmosphere. Ballistic collisions between the evaporated silicon atoms and the 

buffer gas cool the Si vapor causing condensation of the silicon into nanoparticles. 

Because the synthesis is performed under 250 mTorr of helium and the sample is held 

under ultra high vacuum (UHV) conditions at all other times, contamination is controlled

and minimized.  Metal particles have been synthesized by this method since as early as 

1940 by Beeck et. al.31 Group IV semiconductors have been synthesized in this way 

since the 1970’s by Saito 32 who studied empirically the details of the technique. Saito 

characterized the size of the particles with respect to the proximity of the substrate to the 

evaporation source and also noticed a change in the evaporation plume with variation in 

the gas pressure. More recently, this synthesis has been used by van Buuren and 
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Bostedt et. al. in the synthesis of silicon and germanium nanoparticles with good control 

of the size and electronic structure33-36. The details of this synthesis will be discussed 

further in the following chapter.

2.2.2.2 Luminescence in Silicon Nanostructures

The indirect bandgap of most group IV materials leads to difficulty extracting 

luminescence from these structures. Luminescence in indirect gap materials requires a 

phonon for an electronic transition since direct radiative transitions are prohibited. Thus, 

efficient luminescence in indirect gap materials is not usually observed.  Luminescence 

was observed, however, in porous silicon in 1990 by Canham 19 and this started a large 

amount of research in the field of silicon nanostructures. The main goal of the research 

was to determine the source and mechanism of light emission from these structures in 

order to enhance luminescence efficiencies. Significantly, the underlying mechanisms 

remain undetermined. 

After the first reported emission from porous silicon, much of the subsequent 

research was directed toward enhancing the PL. Although porous silicon has been 

researched extensively, the synthesis generally used, etching a silicon wafer using HF 

and applying an electrical current, does not produce uniform structure size. This leads to 

broadening of the PL because each particle size emits at a slightly different wavelength. 

Also, smaller particle sizes are more affected by surface defects that are known to

change the wavelength of the emitted light. In order to better control the size distribution 

and surface effects, silicon nanoparticles have become a focus of silicon research in 

recent years. 

 Many scientists believe that the effects of quantum confinement are responsible 

for the luminescence in silicon nanostructures. Evidence for this argument can be seen 

in the size dependent shifting of the luminescence peaks reported by many research 
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groups20,37,38. This size-dependent shift is obvious in a representative spectrum taken 

from a publication by Ledoux et. al.38, which is reproduced in figure 2.4. The figure 

shows size distributions in the top graph and the corresponding PL spectra in the bottom 

graph. The PL peaks shift to lower wavelength (higher energy) with decreasing size of 

the nanoparticles. Ledoux et. al. give evidence for the quantum confinement model of 

silicon PL, citing shrinking core sizes for the changes of the PL with aging. This 

explanation of shifting PL has been cited by other research groups 39 that have used

TEM and XAS to demonstrate that the Si core shrinks as the nanoparticles are further 

oxidized in the air leading to an increase in the bandgap and therefore a blueshift of the 

PL.

As with II-VI materials, the intensity of the luminescence correlates to the 

number of dangling bonds on the surface of the nanoparticles, which is in turn related to 

the level of passivation40,41. Silicon nanoparticles are generally passivated with hydrogen 

or oxide. Porous silicon that is freshly prepared is passivated with hydrogen but most 

aged porous silicon and embedded silicon particles are passivated with oxide18. Both of 

these passivated structures exhibit photoluminescence, although the luminescence peak 

energy is not the same for structures of equivalent size but with different passivation. It 

has been observed that changes in the surface passivation can increase the intensity of 

the luminescence. Many groups have observed both an increase in the intensity and a 

shift to higher energy of the luminescence peak as the samples age, presumably as a 

result of increased oxidation39.  Also calculations by Brus et. al. have indicated that a 

shell of SiO2 on a silicon core quantum dot increases the fluorescence efficiency42. In 

contrast, other research suggests that Si-O interface states cause the increase in 

fluorescence efficiency rather than quantum confinement43,44. While the enhancement in 

luminescence is not believed to arise from the oxide layer in isolation, the mechanism for 

this emission remains poorly understood.
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a

b

Fig. 2.4: a) Size distribution of nanoparticles. b) The photoluminescence of respective samples.  
It can be seen that with decreasing size of particles the luminescence peak decreases in 
wavelength (increases in energy). Reproduced from Ledoux et. al.38. 
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It may be confusing to those familiar with research in group II-VI nanoparticles 

that the surface chemistry of silicon QDs is not understood, while highly luminescent, 

water soluble and superstructures of II-IV QDs are routinely synthesized. For group IV 

QDs, where advances in research are not at the same level, this is not the case. While 

the synthetic protocol for II-VI quantum dots is well developed, there is no such wet 

chemical protocol for group IV quantum dots. In fact, the luminescence wavelength for 

one size of silicon quantum dots can vary from red to blue by changing the surface 

termination from hydrogen to oxide43,45,46. Alternative terminations have also been 

reported to change the luminescence. Figure 2.5, taken from Santana et. al., shows 

matrix effects on the luminescence of silicon nanoparticles47.  Silicon nanoparticles were

embedded in three different silicon based dielectrics: SixNy:H,Cl, SixNyOz:H,Cl, and 

SixOz:H,Cl. Three different PL peak energies were obtained from each sample indicating 

that passivation groups do play a role in the PL of the nanoparticles. Effects of this kind

are not observed in II-IV quantum dots where the mechanism for light emission is not 

controversial. The PL in II-VI dots can be enhanced or quenched via surface 

modification with little to no change in the PL energy. In the case of silicon, it is not 

known to which extent quantum confinement and defects (interface or surface states) 

control the observed PL.

2.2.2.3 Oxide Passivation Multilayer Samples for Enhancement of Luminescence

Silicon has been used for many years in technological applications such as solar 

cells48, light emitting devices and as a major component of transistors for microchips22. 

For many applications it is beneficial for silicon nanoparticles to be embedded in a silica 

matrix for stability or integration of other device components25. 
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Fig. 2.5: Photoluminescence spectra of silicon nanoparticles in different matrices. The 
photoluminescence changes as the passivating matrix is changed. The inset pictures show the 
visible luminescence. Reproduced from Santana et. al. 47 .
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Passivation is achieved with the multilayer samples as they are intrinsically oxide 

passivated. These structures are also robust and easily integrated into current Si 

processing technology49 making them ideal for use in the next wave of optoelectric 

devices. In fact, the possibility of integrating these materials into single-electron memory 

devices, electrostatic sensors and logic structures has also been proposed by Streimer 

et. al.50. Integrating silicon nanocrystals into memory devices could decrease power 

consumption while storing information for long periods. Light emitting nanocrystals could 

also be used for optical transmission in the next wave of information technology50.

Previously, nanoparticle silicon multilayers crystallized from amorphous silicon 

(a-Si) layers in a-Si/SiO2 layers could only be fabricated with dimensions in excess of 4 

nm because of the large lattice mismatch between the silicon and SiO2
23,24.  Recently, 

layers smaller than 2 nm have been crystallized into nanoparticles51,52 through a two 

step annealing process at higher temperatures. Many interesting optical and electronic 

properties are observed in this size regime. For example, crystallized samples with 2 nm 

layers exhibited bright luminescence around 1.4 eV (885 nm), while the luminescence 

was blue shifted to around 1.7 eV (730 nm) for 1 nm thick samples. Many optical 

experiments have been performed on a-Si/SiO2 multilayers and also on similar 

nanoparticle samples formed from SiOx/SiO2 multilayers. In the annealing step of the 

other synthesis, amorphous SiOx layers phase separate to form Si nanoparticles and 

SiO2. It is interesting, therefore, that the photoluminescence spectroscopy (PL) from 

these two types of samples is similar even though they have very different electronic 

structures.

2.2.2.4 Doping of Nanoparticles to Enhance Luminescence

Research has also been performed to determine if Si based structures can 

produce light emission at the telecommunications wavelength (1535 nm). Bulk silicon 
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cannot produce emission at this wavelength due to its indirect bandgap. Nonetheless, 

doped and confined Si structures are potential candidates for stimulating emission at this 

wavelength. By confining electrons in nanostructures, the electronic wavefunctions are 

spread out which increases the probability of radiative energy decay due to an increase 

in wavefunction overlap. This would allow for other optically active atoms to be excited53. 

For emission in the telecommunications region it is also necessary to dope the 

nanostructures with highly optically active rare earth elements such as erbium (Er). The 

nanoparticle is excited by a photon and produces an electron-hole pair.  This electron-

hole pair non-radiatively transfers its energy to the Er center via a dipole-dipole 

interaction (Förster energy transfer).  A non-radiative decay to the 4I13/2 state is followed 

by a radiative decay to the 4I15/2 state which is the characteristic 1535 nm emission53.

The bright emission at 1535 nm from Er3+ states is due to an intra band 4f

transition (4I13/2→ 4I15/2). This corresponds to the region of low loss for silica optical fibers. 

Silicon based optical sources would integrate easily into current optical fiber systems 

and sources compatible with fiber systems are in high demand. This has lead to 

research in the field of Er doping of Si nanostructures53 such as porous silicon, 

nanocrystalline Si and Si quantum dots53,54. Porous Si is often too fragile to be used in 

many devices53. The nanocrystalline Si relys on the Er in an amorphous Si layer and 

higher temperatures would be needed for stimulated emission55. Coupling the absorption 

bands of Si nanoparticles and the Er excited states has been observed by research 

groups but the synthesis of monodispersed Er-doped nanoparticles is not readily 

achieved. Despite these challenges, the tunability of the optical properties in these 

systems make them of interest in current and future research53.



31

2.3 Theoretically Calculated Predictions

Experimental research has often resulted in confusing or contradictory reports in 

the field of silicon nanoparticles. Theoretical calculations are used to help explain the 

experimental evidence as well as predict the results of difficult experiments. However, it 

has been observed that the calculated bandgaps do not correspond with the bandgaps 

determined by PL techniques56. The discrepancies between theoretical and experimental 

treatments can be attributed to limitations of the theoretical models or misinterpretation 

of the experimental results.  This will be discussed in more depth later in this section.

2.3.1 Types of Modeling Used to Predict Band Structures of Nanoparticles 

Several modeling schemes have been used to predict the widening of the band 

gap of silicon nanoparticles as the size decreases. Some of the most commonly used 

methods are the effective mass approximation (EMA), the tight binding method, ab-initio

calculations, and pseudopotential theory. Each of these methods is based on certain 

assumptions that lead to intrinsic problems or benefits which can add to or detract from 

the accuracy of the resultant bandgaps. Each method will be discussed briefly here and 

the more accurate models will be compared to experimental results later in the thesis.

2.3.1.1 Effective mass approximation (EMA) 

This method was one of the first used to predict the bandgaps of semiconductor 

nanoparticles. This modeling scheme replaces the periodic crystal field in a material with 

an effective electron mass in the Hamiltonian57. As a consequence, the EMA is only 

accurate when the extremum of the energy band of interest is in the center of the 

Brillouin zone which is not the case of silicon57. It also assumes the energy bands are 

parabolic, which is a good assumption for direct gap but not for indirect bandgap 

materials. Detailed information about the original assumptions made in this method can 



32

be found in papers by Luttinger et. al.57,58. Many of the calculations of the electronic 

bands of silicon nanostructures using this method were performed by Takagahara et 

al.57-59. While this method was important to the early work it cannot be easily generalized 

to Si nanoparticles and does not calculate an accurate bandgap13.

2.3.1.2 Tight binding method

This method assumes that the electrons are localized in the material and are 

concentrated in the bonds between atoms. Because of these assumptions, the tight 

binding approach provides reasonably accurate predictions of covalently bonded, 

valence states but not for the unfilled conduction band states. Si nanoparticles were 

modeled by Hill and Whaley by adding shells of Si atoms around a central Si atom and 

passivating the dangling bonds at the surface with H atoms with bandgaps that are much 

higher than experimentally observed60.

2.3.1.3 Pseudopotential theory

Possibly the most accurate band calculations for silicon nanoparticles use 

pseudopotential theory61,62. Pseudopotential theory treats the core electrons and valence 

electrons differently. An effective potential is applied to the valence electrons that is a 

combination of the pseudopotential for the core region and a Coulomb potential for the 

outer orbitals13. Therefore, in the pseudopotential method the wavefunction of the 

valence electrons is divided into two parts a smooth part outside the core region and an 

oscillatory part inside the core region34. There are two types of pseudopotential theory 

calculations; experimental and ab-initio. The first is based on experimental data already 

obtained and the second is self-consistent which is based on fundamental principles. 

The method which will be discussed is the empirical pseudopotential method because it 
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is generally the most accurate model for calculating band structures of nanoparticles15,62-

65.

In this method, the electronic structure is determined as solutions to the single 

particle Schrödinger’s equation:

iiiH  ˆ                        (2.4)

      )(2
1ˆ 2 rVH   (2.5)

  )()( atom
atom

atom RrrV    (2.6)

where V(r) is the mean-field potential that is the sum of the atomic potentials νatom(r) and 

Ratom are position vectors. The wavefunctions, ψi, are plane waves64.  The potentials of 

the reciprocal lattice vector, υatom(q), are fitted to a series of experimental data and also 

to first principle calculations in order to get the best fit to experimental results. 

Another important aspect of these calculations is the structure of the particles. In 

calculations by Zunger et. al. 63,64 the nanoparticles are considered, as in experimental 

results, to have interatomic distances similar to that of bulk in the center of the 

nanoparticle. The only major differences between the two calculations of particles are at 

the surface where dangling bonds occur. In the work presented by Zunger et. al. the 

bonds are either passivated with hydrogen or bonded to interior atoms62,63.

 Zunger and Wang have shown that without taking into account surface effects 

the bandgap of nanostructures (spheres, rectangular boxes and cubic boxes) with 

diameter, d, can be plotted vs. effective diameter and be fit using the equation:

)(/34.88167.1)( 37.1 eVddEg  2.7

Where Eg is the band gap of the nanoparticle. This plot is shown in figure 2.4 and is 

compared to the values previously calculated using the effective mass approximation 

and a truncated crystal calculation. It is noted, however, that the pseudopotential
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calculation does not take into account the surface effects on the bandgap of the 

particles. 

In a more recent publication by Zunger and Reboredo the bandgap of silicon 

nanoparticles was recalculated taking into account coulomb effects. In this calculation, 

the nanoparticles were assumed to be spherical with atoms in the same position as a 

bulk material centered around a single Si atom. The dangling bonds on the surface 

atoms were passivated with hydrogen. This calculation resulted in a smaller bandgap 

than previously calculated 62 which provides the best fit with experimental results 

reported to date. Our experimental results on electronic structure measurements of 

various silicon nanostructures will be compared to these theoretical results in 

subsequent chapters.
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Fig. 2.6: Calculated bandgaps of silicon nanoparticles by various methods. The center line is 
calculated by psuedopotential method and is of interest to this research.  The alternative two 
methods, the effective mass approximation (EMA) and truncated crystal method do not produce
accurate bandgaps. Reproduced from Zunger and Wang64.
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Chapter 3:

 Experimental Techniques

This chapter gives a brief overview of the experimental techniques used to 

investigate the size and electronic structure of silicon nanoparticles which include atomic 

force microscopy (AFM) and two synchrotron based techniques: x-ray absorption 

spectroscopy (XAS) and soft x-ray fluorescence (SXF). AFM is a scanned probe 

microscopy technique that is used to analyze the size and structure of the particles. XAS

and SXF are used to probe the conduction and valence band density of states of the 

silicon nanoparticles. The general concepts of synchrotron radiation are also discussed 

within this chapter as an aid in the description of the XAS and SXF techniques. 

3.1 AFM

Atomic force microscopy, which was first introduced by Binnig et. al.1 in 1986, is 

a surface imaging technique that uses a cantilever with a small tip on one end (figure 1), 

on the order of 5 nm, to raster over the surface of a sample in order to give 

topographical information. A benefit to using AFM is the capability for imaging on almost 

any surface. Other imaging techniques such as scanning tunneling microscopy (STM) 

require conducting samples, while transmission electron microscopy (TEM) requires 

difficult sample preparation of very thin samples. AFM does not have either of these 

sample restrictions making this technique an effective method for size determination of 

nanoparticles, especially on flat substrates. In addition, AFM can be performed quickly 

compared to other imaging techniques because it does not have to be performed under 

vacuum1.
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Piezo
Scanner

Fig. 3.1: Schematic of AFM. The laser is focused onto the end of cantilever tip and reflected onto 
photodiode detector. The detector sends this information to the computer that keeps the tip 
steady above the surface of the sample without crashing the tip into the samples surface and also 
produces a topography image of the sample surface.
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For these measurements to be possible piezo electric crystals in the instrument 

called the piezo tube scanner, allow for small movements and provide the ability to bring 

the tip in close proximity to the sample surface. Piezo electric crystals expand or contract 

with electric stimulation and a small amount of applied voltage results in a small 

expansion of the crystal.  In AFM, the tip is brought close enough to the surface for van 

der Waals interactions between the tip and surface to occur. The tip is brought close to 

the surface of the sample mechanically and is then approached using the piezo tube 

scanner. As the tip gets closer to the sample surface, interactions between the surface 

and tip pull the tip into the surface giving an indication that the tip has reached the 

surface of the sample2. 

Imaging is achieved by laterally rastering the tip over the surface of the sample 

and detecting perpendicular tip movement. The tip movement is monitored by a laser 

beam focused on the tip that is reflected into a quadrant photodiode detector. As the tip 

is deflected by the topography of the sample surface, the reflected beam moves to 

different regions on the detector. A feedback loop based upon the detector signal and 

the z-axis piezo is used to keep the tip at a constant height above the sample. A 

schematic of the AFM is shown in figure 3.1. 

The resolution of AFM is described by two distinct components; these are the 

lateral and z-direction resolutions. The lateral resolution is determined by the tip radius 

as shown in figure 3.2. A sharper probe increases the maximum resolution that can be 

achieved. The z-direction or vertical resolution is much higher than the lateral direction 

and is limited only by external vibrations such as acoustic noise, thermal vibrations and 

room vibrations, which can be reduced by noise isolation. The accuracy of the height 

determination using AFM is on the order of ± 2 Å depending on how well the instrument 

is isolated from vibrations2. The photodiode is very sensitive to the motion of the tip



43

Scanning tip

Topography

Fig. 3.2: The size of the AFM tip is the most important in the lateral resolution of the image.  As 
the larger tip on the left is rastered over the two particles they cannot be resolved in the image 
because the tip cannot fit in between the two particles whereas the higher aspect ratio tip on the 
right can resolve the two particles because it is able to fit between the two particles.
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 and thus provides a feedback loop to the piezo scanner for a high resolution topography 

image.

AFM is performed in three different operational modes. These are the contact, 

non-contact and tapping modes. In contact mode the tip is always in contact with the 

surface and moved back and forth over the sample to obtain images. A potential 

drawback of the contact mode is that the tip can move the nanoparticles on the 

substrate. As such, contact mode was not used in this research.

Both non-contact and tapping modes oscillate the cantilever tip at a resonance 

frequency in order to monitor the surface topography with high sensitivity. Non-contact 

mode does not allow the tip to touch the surface of the sample. The tip is oscillated with 

a small amplitude and close enough to be affected by van der Waals interactions with 

the sample surface3. These attractive forces between the tip and the sample are 

measured to obtain the topographic image of the sample surface. Non-contact mode is

usually used in vacuum chambers because the water and other contaminants on the 

surface are minimized and do not interfere with the measurement. In addition, it is ideally 

suited for fragile samples because there is no contact with the sample surface.

During tapping mode the tip is oscillated at larger amplitude than non-contact 

mode and makes slight contact with the surface of the sample. The repulsive forces on 

the cantilever tip are monitored and changes in the amplitude of the oscillations are 

recorded to obtain an amplitude image. The topography is obtained from the movement 

of the piezo scanner. Tapping mode was selected for use in this project because the 

samples are not fragile enough to require non-contact mode but do need to minimize the 

tip induced movement of particles on the substrate surface one might anticipate using 

contact mode4.
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3.1.1 AAC and MAC Mode

As mentioned previously, the cantilever tip is oscillated at its resonant frequency. 

Two different methods of causing the tip to oscillate have been used in this project; 

magnetic alternating current mode (MAC) and acoustic alternating current mode (AAC). 

Imaging was predominantly conducted using a PicoSPM AFM (Molecular Imaging)2, 

which provides the capability of operating in both the MAC and AAC modes.

In the operation of MAC mode, the tip is coated with a magnetic material. The tip 

oscillates by an alternating current created by a coiled wire producing an alternating 

magnetic field. The amplitude of the oscillations is again monitored by the position 

sensitive photodiode detector. As the tip scans the sample surface, the amplitude is kept 

constant by changing the voltage supplied to the Z-axis piezo. The topography image is 

generated by this changing voltage2. 

In this project AAC mode AFM is also used since it gives a similar resolution to 

MAC mode and also does not disturb the particles on the substrate surface. In AAC 

mode the entire scanner head of the AFM oscillates under the driving force of the piezo 

electrics2. 

For this project, the main goal of AFM characterization is to determine particle 

sizes and size distributions. Figure 3.3a shows a typical blank highly oriented pyrolytic 

graphite (HOPG) substrate as well as nanoparticles deposited on HOPG, 3.3b. The 

respective z-height data for each image is also included. The blank HOPG image shows 

clear step edges that often appear in this substrate. HOPG is made up of sheets of 

graphite which are weakly bonded together by van der Waals force. The height of one 

sheet is known to be 3.5 Å5. Using this information, the AFM can be calibrated using the 

step edges because they always have a height which is a multiple of 3.5 Å. A 

representative AFM image of silicon nanoparticles deposited on HOPG can be seen in 

figure 3.4. The particles are assumed to be spherical in shape, as determined by 
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Fig. 3.3 a) Blank HOPG showing step edges that run diagonally across the image and b) HOPG 
with deposited nanoparticles that aggregate at step edges. The z-height topography shown below 
each of the images shows the step edges on the blank HOPG and the nanoparticles on the 
deposited sample.
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Fig. 3.4: AFM image of silicon nanoparticles on an HOPG witness sample. The particles collect to 
form “snowflake” like structures at the step edges of the HOPG due to the high mobility of the 
nanoparticles on the substrate. The particles are measured using the z-height, shown on the 
right, from the flat background of the HOPG.
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transmission electron microscopy studies6, and the size of the particles is determined by 

measuring the z height against the flat substrate. It is also evident from the images that 

the nanoparticles aggregate at the step edges of the HOPG. The Si nanoparticles collect 

at defect sites and step edges7. The top and bottom of the HOPG terraces do not have 

any dangling bonds and are atomically flat (reference?). This flat surface is an ideal 

substrate to be used in the determination of the sample sizes. The right side of figure 3.4

shows the z-height of the deposited nanoparticles for a cross section of the image. The 

z-height of many particles is measured to obtain a histogram of sizes. Then this data is 

fit to a Gaussian curve which indicates the size distribution of a particular sample, an 

example of which is displayed in figure 3.5. 

Since HOPG is atomically flat over large regions, the silicon nanoparticles are 

very mobile on this surface. The high mobility of the nanoparticles allows them to form 

the snowflake-like structures observed in figure 3.4 that collect at the step edges of the 

HOPG. Comparable behavior has been reported for both silicon and antimony particles 

deposited on HOPG substrates7,8, which has also been attributed to the high mobility of 

the particles on the atomically flat surfaces.9. Through experiments collecting evaporated 

nanoparticles on other substrates, we have observed that the nanoparticles are not 

mobile on surfaces such as oxidized silicon or germanium so obtaining separate isolated 

particles is possible on these surfaces4.

During inert gas evaporation synthesis of the Si nanoparticles, it is assumed that 

particle formation occurs in the gas phase and not by nucleation on the surface of the 

substrate because no annealing is performed after the initial synthesis. Silicon atoms 

deposited on the surface in the absence of an annealing phase would have insufficient

energy to form nanoparticles. Although the particles do aggregate at the step edges, the 

sizes of the particles do not depend on the features of the substrate. Particle sizes in 
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various regions of each HOPG substrate were measured and were found to be similar in 

size and morphology.

3.2 Synchrotron Radiation

Synchrotron radiation is the electromagnetic radiation produced by the 

acceleration of electrons traveling at a velocity close to, approximately 99.99 percent, 

the speed of light in a magnetic field. In a synchrotron radiation source large dipole 

magnets guide the electrons around a “curved” orbit within a storage ring. X-ray radiation 

is emitted tangentially to the curvature of the electron path in the magnetic fields of the 

ring. In reality, the electron storage “ring” is not circular but a many sided shape with 

straight sections in which insertion devices are placed to intensify the beam further. A 

schematic of the x-ray emission is observed in figure 3.6. Examples of insertion devices 

are undulators and wigglers, which differ from one another in the number and strength of 

the magnets they contain. These will be discussed further below.

The emitted radiation ranges from hard x-ray to infrared wavelengths, 

making it useful for many fields of research. Experiments in the fields of biology, 

chemistry, physics and materials science routinely performed at synchrotron sources. 

This wide range of scientific breadth makes user synchrotron facilities an extremely

valuable resource. A range of energies can be utilized at individual beamlines which 

provides a significant advantage with respect to monochromatic laboratory x-ray 

sources.

Another advantage of using synchrotron radiation with respect to typical 

laboratory sources is the high intensity of the x-ray beam. The emitted x-ray intensities 

from various synchrotron facilities in the U.S. compared to common laboratory x-ray 

sources is shown in figure 3.7. The intensity and brightness of the synchrotron sources 
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X-ray beamlines

Booster ring

Fig. 3.6: Electrons are accelerated in a booster ring to relativistic speeds and directed around a 
curved path resulting in x-rays emitted at a tangent from the electron path. Modern day 
synchrotrons are actually many sided figures, to allow for insertion devices in the straight 
sections. The booster ring allows the electrons to be accelerated to relativistic speeds before 
injection into the electron ring.
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Fig. 3.7: Comparison of the intensities of many U.S. synchrotron light sources and some 
laboratory sources. Because of the high intensities of synchrotron sources, many experiments are 
possible that are not previously using low intensity laboratory sources. From Seah and Dench10.
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make them useful tools for many types of materials characterization. The use of high 

intensity synchrotron radiation can yield significant improvements in signal to noise,

which enables the investigation of very small or dilute samples and can drastically 

reduce the time frame required to collect high quality data. While an experiment with a 

laboratory radiation source may take 30 minutes to several hours, the same experiment 

performed with a synchrotron source would take seconds. The associated increase in 

temporal resolution is essential for the study of fast processes within many fields of 

research including catalysis11. 

Although it was not utilized in this thesis, another benefit to synchrotron radiation 

is the capability of time resolution. The electrons orbit within the ring in perfectly timed 

bunches that allow time dependent experiments to be performed. As mentioned above, 

the electrons are steered within the storage ring using magnetic fields. Bend magnets 

curve the path of the electrons, thereby creating the tangential emitted x-ray radiation 

that is used in the experiments. To account for dispersion of the bend magnet radiation, 

mirrors are used to refocus the beam such that is has a small cross section at the 

sample surface. Meanwhile, a monochromator is used to obtain x-ray photons of the 

desired energy (and with a narrow spectral bandwidth)12. Radiation emitted from bend 

magnets have lower intensity than that emitted from undulators or wigglers. Using a 

bend magnet is sometimes preferred because damage to the sample is diminished with 

the lower intensity beam. When measuring samples that are easily damaged by the x-

ray beam, such as organics, a bend magnet is often preferred. A schematic of bend 

magnet radiation is shown in figure 3.8.

In order to intensify the radiation, insertion devices are added to many 

experimental beamlines. Insertion devices are made up of many small magnets placed 

in the straight sections of the synchrotron ring and fall into two categories: wigglers and 

undulators. The focus here will be on undulators since this is the main type of insertion 
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b.

a.

Fig. 3.8: a) Bend magnets cause x-rays to be emitted tangent from the electron ring. This type of 
magnet gives a broad energy range in a fairly narrow radiation cone.  b) Undulators have many 
magnets put very close together on the top and bottom of the electron beam, this results in a very 
narrow cone of radiation at a very narrow, intense radiation wavelength said to be partially 
coherent and tunable. Reproduced from Attwood, Soft x-rays and extreme UV radiation: 
Principles and Applications13.
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device utilized in this thesis. Undulators are made up of many relatively weak magnets 

placed above and below the electron ring in opposite polarities. A schematic of the 

electron path and resulting radiation in an undulator is shown in figure 3.8 b. In this 

figure, the periods are shown as N, λ is the wavelength of light and γ is a source specific 

constant. The magnets cause the electrons to bend on multiple occasions in accordance 

with the number of periods in the undulator. As the electrons travel through the 

undulator, the periodic magnetic fields induce harmonic oscillations of each electron.  

Since the electrons are traveling close to the speed of light they can almost keep up with 

the light that was emitted when they pass through each period of the undulator. Thus,

the light emitted at each period is added to at the next bend of the next period and the 

intensity of light increases. Because of the relative weakness of the magnetic fields, the 

electrons do not deviate significantly from their original path and, as a consequence, the 

width of the radiation cone and spectral bandwidth are small. More specifically, the beam 

dispersion of radiation from undulators is inversely related to the number of periods, N, 

in the device and the Lorentz contraction factor, γ, which is characteristic of the 

synchrotron facility13. Undulators also decrease the wavelength of the emitted x-rays. 

This also is dependent on the period, N, of the undulator and the Lorentz contraction 

factor, γ,

22
 u                                         3.1                        

Where λ is the wavelength of the emitted light, λu is the period length of the undulator. 

Values of γ can be several thousand and are given by:

)(1957 GeVEe 3.2

where Ee is the energy of the electron. For the ALS, the Lorentz contraction factor is 

3720.  A more detailed treatment of insertion devices is available elsewhere13. A 
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schematic of bend magnet and undulator radiation with their relative intensities and 

spectral bandwidth is provided in figure 3.8. These are the two types of beamlines used 

in this thesis.

Thus far only the process of producing x-rays in a synchrotron source has been 

discussed. Next the techniques which use this radiation will be covered. When an x-ray 

is incident on a sample many by products occur and can be detected, those include 

ejection of an auger electron, ejection of a core electron, emission of a valence electron 

etc.  Through the analysis of these emitted electrons and photons information about the 

occupied and unoccupied density of states of the sample is obtained. Which then can be 

analyzed to map the partial local density of states of a sample both the conduction and 

valence bands must be studied. 

3.3 X-ray Absorption Spectroscopy 

X-ray absorption spectroscopy (XAS) is an element specific probe of the 

unoccupied density of states and the geometrical structure of a material. The energy of 

the incident x-ray photons is scanned across the binding energy of a core electron of a 

specific element. When the energy is sufficient to promote an electron from the core 

level into the lowest lying empty state, the photon is absorbed and a corresponding edge 

is observed in the absorption spectrum. A schematic of this process is in figure 3.9. This 

edge region is also called x-ray absorption near edge structure (XANES) or near edge x-

ray absorption spectroscopy (NEXAFS) in low Z materials such as carbon. As the 

photon energy is increased, the electrons are promoted electrons into higher energy 

vacant states. The XANES/NEXAFS continues until the energy is reached at which the 
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Fig. 3.9:  X-ray absorption spectroscopy (XAS) excites an electron into the conduction band and 
the resulting electron emitted from filling the core hole is detected in this spectroscopy. 
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photoelectron is emitted from the atom. At this point is the extended x-ray absorption fine 

structure (EXAFS) which extends up to 1000 eV beyond the absorption edge. EXAFS 

peaks occur due the scattering and backscattering of photoelectron waves produced 

when an electron is ionized with more energy than necessary to just eject the electron. 

Because energy must be conserved the excess energy is converted to a photoelectron 

wave. This wave scatters out towards other atoms in the material and is backscattered11.

In this region of the spectrum specific information about the coordination and local 

atomic structure of the sample can be obtained. In this thesis, the samples will only be 

characterized using XANES. 

The probability of a transition from the initial to final state, Wi-f, occurring is given 

by Fermi's Golden rule: 

  )(2 2
EQiHfW ffi  


        3.3

where iHf   is the matrix element of the perturbation H' and Qf (E) is the density of 

final states14.

The bulk silicon L2,3 absorption spectrum directly probes the transition probability 

which then maps the unoccupied density of states (DOS) as shown in the band diagram 

of figure 3.10a. The absorption L2,3 edge of silicon nanoparticles will be probed in this 

thesis work. A characteristic L2,3 edge Si absorption edge x-ray absorption spectrum for 

bulk Si is displayed in figure 3.10b. The L2,3 Si absorption edges for the bulk material are 

observed at a well-defined absorption onset of 99.84 eV15. The L2,3-edges formally 

correspond to the promotion of a 2p electron into vacant s- and d- states according to 

the dipole selection rules for conservation of angular momentum, Δl = +1. The L2,3 edge 

of Si maps the partial density of unoccupied states, called the conduction band in 

semiconductor materials. At this edge movement of the bottom of the conduction band 
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can be detected. Because the original excited electron is from a core, localized state, the 

local partial density of states (LPDOS) is determined by these measurements. 

Beyond a well-defined onset energy, the L2,3 absorption edges for bulk Si exhibit 

a series of characteristic features. These can be assigned via comparison with the 

energy diagram obtained from the theoretical treatments, figure 3.10a. The conduction 

band minimum at X1 corresponds to the absorption edge onset. The edge itself has a 

shoulder which is due to the spin-orbit splitting of the 2p degenerate states into 2p3/2 (A) 

and 2p1/2 (B). These two peaks, with a separation of 0.6 eV, are too close to be 

completely resolved from each other in the spectrum. At the top of the edge are a pair of 

spin-orbit split features (C) that correspond to absorption to the L1 →Γ15 flat band state.

The two features observed at approximately102.6 eV (D) result from absorption to the L3

→Γ15 flat band states16. At higher energy, ~106 eV, some broad peaks often appear that 

correspond to SiO2. Silicon is usually etched to remove the native oxide but a small 

amount can re-form due to rapid oxidation in air prior to measurement. 

Several different things happen in an atom when an x-ray photon is absorbed.  

Initially, promotion of the core electron into the conduction band creates a core hole. The 

hole is then filled by an electron from higher energy filled (valence) states and the 

energy from this action is emitted via either radiative or non-radiative processes. In the 

radiative process a photon is emitted. In non-radiative processes the energy is 

transferred to another electron and because of conservation of momentum, the second

electron is ejected from the atom. This is referred to as Auger emission13, a schematic of 

this process is illustrated in figure 3.11a. These emitted particles are called electron 

products and are proportional to absorption of x-rays in the atom. The electron products 

can be detected to observe the x-ray absorption spectra.
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Fig. 3.10: a) Typical x-ray absorption spectrum of the bulk Si L2,3 edge correlated to the b) band
diagram. The edge onset corresponds to the conduction band minimum shown on the band 
diagram as X1. The structure at the top of the peak is a transition L1 →Γ15 feature and that just 
beyond the edge around 103 eV, corresponds to the flat band transition L3 →Γ15

15,16. Band
diagram is reproduced from the psuedopotential calculations of Chelikowsky17.
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a b

Fig. 3.11: a) Auger electrons are emitted due to conservation of momentum from a two step 
process. First, a photon ejects an electron from an inner shell to an outer one. Second, an 
electron fills the hole and an Auger electron is emitted. b) Total electron yield (TEY) measures all 
electrons emitted from the sample including Auger and subsequent secondary electrons. After the 
original Auger electron is ejected secondary electrons are created from backscattering. The 
current is then amplified to collect the signal.
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where α is the absorption cross section that dictates how much the material absorbs 

electrons.

There are several methods for detecting XAS, which include the transmission, 

electron yield and fluorescence yield modes. The degree of transmission is measured by 

comparing the x-ray flux before and after the beam passes through a very thin sample. 

The intensity of the x-ray beam is typically measured as a current from ionization

chambers or metal grids/films positioned directly in front of and behind the sample 

interest. The beam intensity downstream from the sample is called "I zero" (I0). In the 

soft x-ray regime, the products produced from x-ray absorption in a material, electrons 

and photons, are generally measured rather than the transmitted x-ray beam. This is due 

to the low cross section of electrons in most materials which would necessitate the 

preparation of extremely thin samples for transmission experiments.  

One method of measuring the electron yield produced from an absorption event

is to simply measure the current from a grounded sample as it is irradiated by the x-rays 

from the synchrotron source. As an alternative, one can measure the Auger electrons 

emitted from the sample. Since the Auger electrons emitted under irradiation have very 

low kinetic energies in the soft x-ray region of the spectrum, only electrons up to 5-10 Å

from the sample surface are emitted and can be measured as a surface sensitive 

technique, Auger electron spectroscopy (AES). This penetration depth is determined by 

the scattering cross section which has been found to be similar to most elements at 

specific energies and is given by the universal curve as determined by Seah and 

Dench10. This curve is shown in figure 3.12.  To obtain a more bulk sensitive 

measurement, the current flowing to the sample to quench the holes produced by 
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Fig. 3.12: The universal curve shows the mean free path of electrons which correlates to the 
penetration depth in a sample by kinetic energy. This is called the universal curve because most 
elements fall on this curve. From Seah and Dench10.
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electrons escaping the sample surface into vacuum is obtained. This is called total 

electron yield (TEY). The electrons are collected by simply measuring the current to the 

sample as it is irradiated with x-rays. This process is shown in figure 3.11b. The 

simplicity of data collection makes XAS in total electron yield a popular and effective 

characterization method.  In this research total electron yield (TEY) will be used 

predominantly as the signal is large and it can penetrate deep enough to investigate the 

bulk of the small nanoparticles.

One can also measure the fluorescence photons emitted from the sample of 

interest to obtain the fluorescence yield (TFY). The fluorescence photons have much 

greater escape depths than the Auger electrons and, as such, the TFY signal is more 

sensitive to bulk than AES. Although a wide variety of detectors can be used to detect 

the fluorescence photons, channel plates have been used to obtain the data presented 

in this thesis.  Significantly, the fluorescence yield signal is often very small with respect 

to the TEY or AES signals for low-Z elements, including silicon. This is due to higher 

yields of Auger emission vs. fluorescence in lower Z elements, as illustrated by the 

graph in figure 3.13.  It is often useful to record the TFY and TEY signals simultaneously 

to provide as a comparison between the bulk and surface of the material of study. X-ray 

absorption spectroscopy (XAS) is a powerful, element specific technique used for the 

electronic structure characterization of the conduction band in this project. The 

absorption edge of XAS gives information about the unfilled electronic states in the 

atom.
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Fig. 3.13: Yields of fluorescence and Auger emittance by atomic number. Lower atomic numbers 
yield lower fluorescence and higher Auger electrons. From Attwood13. 
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3.4  Soft X-ray Fluorescence (SXF)

In soft x-ray fluorescence spectroscopy (SXF), incident x-rays excite core 

electrons into the unoccupied states leaving a hole in the core. This hole is filled by an 

electron from the occupied states which releases energy. This energy is frequently

released radiatively as fluorescence. In SXF, the fluorescence photons are detected and 

mapped according to the energy of the fluorescence. This technique is used to probe the 

highest energy filled states, called the valence band in a semiconductor. By changing 

the energy of the incident radiation one can probe the exact energy of interest within the 

valence band. This process is depicted in figure 3.14. As in XAS, the localization of the 

core hole makes SXF an element specific technique.

Due to low the fluorescence yields and generally low efficiencies of SXF 

detectors, it is necessary to use synchrotron radiation for these measurements to 

improve the signal to noise ratio18. However, when using synchrotron radiation, silicon 

exhibits a clear, strong emission spectrum thus making it possible to analyze even dilute 

samples of silicon using SXF. In this experiment, the sample is irradiated at slightly 

higher energies than the Si L2 absorption edge to ensure excitation of only the valence

electrons within the sample and not any electrons from the surface oxide contaminant. 

Emission spectra are then recorded at multiple excitation energies to map out the 

transition from the valence band to the silicon 2p3/2 core hole.  This technique is also bulk 

sensitive because the mean free path of photons is larger than that of electrons. This 

bulk measurement allows us to probe the crystalline Si core rather than surface oxide.

This gives SXF an advantage over photoemission spectroscopy which utilizes electrons 

for measurement.
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Fig. 3.14: In soft x-ray fluorescence (SXF) a core electron is excited into the valence band and 
the emitted fluorescence spectroscopy is measured in this spectroscopy. 
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As with XAS, bulk Si has a characteristic SXF spectrum, an example of which is 

presented in figure 3.15b. This spectrum has three peaks, marked A, B and C on the 

spectrum. The low energy peak (A) consists of low lying 3s states and the center peak 

(B) consists of s-p hybridized states. The onset of the high energy peak (C) gives the 

position of the valence band maximum as correlated to the band diagram, 3.15a.  This 

peak is corresponds to p states within the valence band19. It may seem strange that p 

states are probed given the Δl = +1 selection rule, but it is the hybridization with the s-

states that makes this possible. Both the 2p3/2 and 2p1/2 states contribute to the bulk Si

spectrum as the sample has been irradiated at an excitation energy of 105 eV, far above 

the absorption onset. The excitation energy of the SXF spectra is important, because of 

energy dependent features which are excited under resonant excitation conditions. This 

is evident in resonant inelastic x-ray spectroscopy (RIXS). RIXS is scattering that leads 

to a valence electron-hole pair in the final state and provides additional information about 

the wavevector, which complements the local partial density of states information 

obtained by XAS and SXF. The spectral shape in the RIXS region varies by excitation 

energy19. This region occurs at the energy where the L2 contribution to the edge is no 

longer excited but the L3 is still excited (around 100 eV).

By combining SXF (valence band maximum) and XAS (conduction band 

minimum) spectra the entire band gap can be mapped. This band gap be used for

comparison with band gap information obtained from optical techniques, which is often 

complicated by substrate or matrix contributions to the luminescence20.  
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Fig. 3.15: Silicon L2,3 emission edge with peaks corresponding to a calculated band diagram as 
connected via the dashed lines. The spectrum has three characteristic peaks labeled A, B and C 
which correspond to s states, s-p hybrid states and p like states, respectively. Band diagram 
reproduced from Chelikowsky17.
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3.5 Beamlines and Experimental Analysis Chambers

The research presented in this thesis was performed at two beamlines, which are 

located at different synchrotron sources. These beamlines are 8.2 at the Stanford 

Synchrotron Radiation Laboratory (SSRL) at the Stanford Linear Accelerator and 8.0 at 

the Advanced Light Source (ALS) in Lawrence Berkeley National Laboratory.

Beamline 8.2 at SSRL is located on a bend magnet. The experimental chamber 

at this beamline is equipped to perform x-ray absorption with measurements in the TEY 

and AES modes.

Beamline 8.0 at the ALS is located on a straight section of the storage ring that 

contains an undulator for producing partially coherent and tunable radiation. A schematic 

of this beamline can be observed in figure 3.16 and a picture in figure 3.17. Beamline 8.0 

provides the capability for performing XAS in both the total electron yield and 

fluorescence yield modes. This beamline is also equipped with a Rowland circle grating 

spectrometer with a photon counting area detector which is used for soft x-ray 

fluorescence (SXF)21.
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Fig. 3.16: Simplified schematic of beamline 8.0 at the advanced light source in Lawrence 
Berkeley National Laboratory. The x-rays from the undulator are first focused by the M0 mirror 
and then energy selected by the spherical gratings. Just before the characterization chamber, the 
beam is focused again by a vertical focusing mirror. Additional control over the energy resolution 
can be obtained by limiting the incident light with entrance and exit slits.
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Fig. 3.17: Picture of beamline 8.0 at ALS. The major components of the beamline are labeled. 
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Chapter 4:

Inert Gas Evaporation Sample Synthesis

Using the thermal evaporation synthesis, nanoparticles were produced and 

deposited onto a substrate for subsequent characterization. The size of the 

nanoparticles produced was controlled through changing the synthesis temperature. The 

size and morphology of the nanoparticles were characterized using AFM. Narrow size 

distributions were obtained using this synthesis. 

4.1 Previous research

Inert gas evaporation is well suited for nanoparticle synthesis and any 

subsequent characterization due to the capability of the technique to produce large 

amounts of sample with small size distributions and a wide range of possible sizes. 

Another benefit to this synthesis is the ability to produce clean particles in a vacuum and, 

without exposure to atmosphere, apply characterization techniques. It is also possible to 

change the surface chemistry in-situ in order to investigate the effects of surface 

passivation on the nanoparticle properties. 

Metal nanoparticles have been prepared by inert gas evaporation for over 85 

years. Beeck et. al. 1 performed evaporations in an inert atmosphere in 1940 and their 

primary interest was in the catalytic properties of the thin films that were created. The 

technique can be summarized as follows: a metal is heated in a crucible past its melting

point in an inert gas, He or Ar, atmosphere. The evaporated metal collides with the inert 

gas molecules that cool the metal vapor quickly. The rapid cooling of the metal vapor 

allows for the nucleation size to be very small, as determined by Granqvist et. al.2 The 
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evaporated metal creates a “smoke plume” above the crucible in which certain regions 

create different sizes of particles3. Generally, the smallest particles are produced in an 

area around 2 cm above the crucible2. Thus, the sample substrate is placed in this 

region when preparing nanoparticles. Convection currents can carry the particles further 

from the crucible within the chamber. In more recent studies on evaporated silicon 

nanoparticles, quantum confinement effects have been identified in PL measurements 

and XAS and SXF measurements of the electronic structure4. In particular, studies 

performed by van Buuren et. al. showed size dependent conduction and valence band 

shifts. The band edges shifted with an inverse exponential relationship to the size5.

Gas evaporation has been identified as an excellent means of synthesizing 

nanoparticles due to the fact that it fulfills the four main criteria identified by Granqvist 

and Buhrman2. These criteria are: the ability to 1) form nanoparticles with sizes less than 

10 nm, 2) generate nanoparticle samples with small size distributions, 3) produce 

electrically isolated particles and 4) produce large amounts of sample (up to 1 g). Our 

group has identified an additional criterion that is also fulfilled: the ability to change 

surface chemistry, which enables the study of surface effects and use of the material in 

various applications. Since these are all satisfied with the gas evaporation synthesis, it 

has been used to produce silicon nanoparticles in this project. As mentioned earlier, 

silicon and other group IV nanoparticles are not easily synthesized in large amounts with 

easily modified surfaces and this synthesis fulfills all of the relevant criteria. 

4.2 Inert Gas Evaporation: Experimental Chamber

The samples are transferred into the synthesis chamber via a transfer arm within 

a bellows. The experimental chamber was set up and designed by Christoph Bostedt 
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Fig. 4.1: a) Experimental synthesis chamber used in thermal evaporation synthesis of 
nanoparticles. The components of the chamber are labeled. b) The shutter is shown. This allows 
for short deposition times.
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and a detailed description of it is given in his PhD thesis6.  A picture of this chamber is 

shown in figure 4.1 and the components that will be discussed are labeled.  All 

syntheses of the silicon nanoparticles were performed in a small, 5” inner diameter, 

chamber with a turbo pump attached to one side port that is backed by a dry roughing 

pump. These pumps can be isolated from the chamber via a valve which allows for back 

filling of the chamber with buffer gas during nanoparticle synthesis. The small size of the 

chamber and large pumping capacity of the turbo pump allow the chamber to be 

evacuated quickly after the synthesis is performed. A leak valve connected to a helium 

lecture bottle is also attached to the chamber in order to fill the chamber with buffer gas.  

Meanwhile, a leak valve and liquid cell enable alcohols or other molecules to be 

introduced to the experimental chamber for passivation of the Si nanocrystals.

A high current feed-through on a 2 ¾” flange holds the tungsten wire filament. A 

small boron nitride crucible fits securely into the basket of the filament to ensure even 

heating of the contents of the crucible. The crucible is filled with pieces of bulk silicon 

wafers prior to evaporation.  Current is flowed through the filament to resistively heat the 

silicon in the crucible and induce evaporation. A manual shutter is positioned between 

the evaporator and the substrate to allow for control of the deposition time and to 

prevent convection currents from forming.

 The entire experimental setup is contained in a very small vacuum chamber 

allowing for a high-vacuum environment which ensures minimal contamination of the 

nanoparticles. In addition, the synthesis chamber is small enough to be transported to 

various synchrotron and laboratory based chambers to provide the capability for an in-

situ synthesis and characterization set up. The use of a vacuum synthesis method 

allows the nanoparticles to be synthesized and characterized without contaminating or 

exposing the particles to air. The results of these studies will be discussed in the 

following chapter.
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Fig. 4.2: Schematic of the inert gas evaporation synthesis experimental setup. Silicon is 
evaporated in the presence of a buffer gas. Ballistic collisions with the buffer gas cause the silicon 
to condense to form nano-sized particles.
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4.3 Experimental Method 

In gas evaporation synthesis of silicon nanoparticles, the bulk silicon is 

evaporated from a small boron nitride crucible placed in a tungsten filament. A 

schematic of the experimental setup can be seen in figure 4.2. Silicon is highly reactive 

and wets most materials. As a consequence, boron nitride is used because of its high 

thermal conductivity and low reactivity with silicon. In the process of synthesizing the 

nanoparticles, the chamber is first back filled with an inert, buffer gas such as helium or 

argon to a pressure of 250 mTorr. Since the chamber is back filled with buffer gas to a 

pressure around 10-1-10-2 the temperature to which the silicon must be heated in order to 

create silicon vapor may change. From figure 4.3, a plot of vapor pressure as a function 

of temperature, it is evident that the silicon must be heated to a temperature between 

1500-1800 ˚C to produce particles6. Hence, the filament is resistively heated to a 

temperature within this region to produce Si vapor. The molten silicon is reactive and 

has a high mobility. It should also be noted that the evaporation current is carefully 

controlled to be only a few amperes above the melting current because it has also been 

observed that with enough input energy the silicon can “jump” out of the crucible. The 

silicon is, at this point, in a supersaturated vapor phase in the buffer gas filled chamber.  

The buffer gas collides with the silicon atoms and condensation occurs. A substrate 

placed approximately two centimeters above the crucible collects the atoms as they cool 

and aggregate into nanometer sized particles. A shutter in the synthesis chamber 

between the crucible and the collection substrate limits the collection time and stops 

convection currents from interfering with the synthesis. The shutter is opened only for a 

few seconds depending on the amount of sample required.

Once the particles reach the substrate surface, no other aggregation or 

deformation of shape occurs. Some substrates such as HOPG, highly oriented pyrolytic 

graphite, which do not have many surface bonds available and are atomically flat, allow 
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Fig. 4.3: Vapor pressure as function of temperature for silicon, germanium and palladium The 
melting points of germanium, silicon and palladium are marked with arrows. The vapor pressure 
data is reproduced Brunner and Batzer7.
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the particles to further form "snowflake" like structures along the step edges.  This 

grouping is due the high mobility of the particles on the surface and is not indicative of 

further bonding occurring with the particles. Other substrates, such as polished silicon 

wafers, have shown that isolated, single, spherical particles form during gas phase 

synthesis 8. Passivation of the particles can be achieved using in several methods. In 

this project, the surfaces were passivated using alcohols evaporated into the 

experimental chamber through a leak valve with the attached liquid cell. This method 

has previously been used to passivate clean silicon wafer surfaces by Lay et. al.9 who 

found that it resulted in a high level of passivation of the dangling bonds. Our group has 

also reported that germanium nanoparticles can be passivated using the same 

method10. 

The majority of the experimental approaches described in the previous 

paragraphs can be used to synthesize nanoparticles of other materials. In fact, the 

specific experimental setup presented in this work was previously used by Bostedt to 

synthesize Ge nanoparticles 6. 

4.4 Parameters for the Synthesis of Silicon Nanoparticles

Using the gas evaporation synthesis, it is possible to control the particle sizes by 

varying either the pressure of the buffer gas in the experimental chamber or the 

collection temperature via the evaporator current. In previous experiments, variation in 

the pressure provided excellent control over the particle size5 but more recent studies on 

germanium nanoparticles have demonstrated that current variation is a more 

reproducible, stable method for changing the particle size6. Other variables, such as the 

choice of filament, buffer gas and current can also influence the experimental results. 
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The effect of these parameters on the synthesis of Si nanoparticles will be discussed 

further below.

An important variable in this synthesis is the buffer gas used. Although argon and 

helium have both been used as the buffer gas for gas condensation experiments, it has 

been demonstrated by Bostedt6 that germanium nanoparticles synthesized using helium 

as the buffer gas exhibit less dependence on the pressure of the gas. This allows more 

flexibility in the pressure of the buffer gas, which is extremely useful because there are 

slight, but inevitable, variations in the pressure between experiments. Previous studies 

on Ge nanoparticles have illustrated that the larger Ar buffer gas, roughly 10 times the 

mass of He, affects the synthesis of Ge nanoparticles much more than He6. The buffer 

gas serves to cool the evaporated material with ballistic collisions leading to 

condensation of nanoparticles. However, if the buffer molecules are too large more 

collisions will occur after condensation which interferes with the particle trajectory toward 

the substrate. This could create some larger particles and decrease the amount of 

sample produced2,6. In the synthesis of smaller Si nanoparticles, the effects of using Ar 

as a buffer gas become even more acute. Some tailing and broadening of the size 

distribution for the Ge nanoparticles was also observed when using He as the buffer gas, 

but the effects were not as great as for Ar6. Hence, helium was used in the majority of 

the experiments described in this thesis to minimize these effects.

The pressure of the buffer gas has been varied by previous experimenters to 

change the size of the nanoparticles. Variation of the buffer gas pressure was performed 

to determine the relationship of the buffer gas pressure to the size of the particles. 

Contrary to previous syntheses of Si nanoparticles in Ar buffer gas4,5, very little pressure 

dependence on particle size was seen in the current studies. These results are 

consistent with the results discussed above for Ge nanoparticles synthesized in He, 

where only a small variation in size was sent with pressure variation6. 
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The final method of size control when using the gas evaporation synthesis is to 

use current variation to vary the temperature of the crucible. Increasing the input filament 

current increases the temperature of the crucible in the evaporator. This experiment 

uses a tungsten filament which becomes brittle after heating to high temperatures and 

exposure to air. As a result, subsequent heating often causes the filament to break.  

Although each filament has different characteristics, the experimental results are stable 

and reproducible for a single filament. The relative conditions for each filament also 

create reproducible results. Although each filament requires a different current to induce 

melting of the Si, samples that were made from two different filaments at a current 1 

amp above the melting current produced particles that were similar in size. In order to 

reproduce the synthesis with different filaments, the melting current of each filament was 

noted and particle size was correlated to the difference between the current applied and 

the melting current used. 

In order to get an accurate statistical measurement of the nanoparticle sizes, 

over 100 particles were measured with AFM for each sample. The size distribution 

curves from various currents of a single filament are shown in figure 4.4.

A detailed study of current vs. particle size was performed for Si nanoparticle 

synthesis in both He and Ar. A graph showing the particle size vs. deposition current for 

particles grown in He is displayed in figure 4.5 and a set of data for particles grown in Ar 

is shown in figure 4.6. The size of the nanoparticles has a roughly linear relationship with 

the evaporation current for each buffer gas. 
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Fig. 4.6: Nanoparticle size as a function of current for particles synthesized in argon. As with the 
He synthesized particles, the relationship is reproducible and linear. The Ar synthesized particles 
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Chapter 5:

Electronic Structure of Thermally Evaporated Silicon Nanoparticles

5.1 X-ray Absorption Spectroscopy (XAS) Measurements of Bulk Silicon for 

Comparison to Nanoparticles

We use XAS to probe the lowest energy empty states, or bottom of the 

conduction band, in the synthesized Si nanoparticles.  For these experiments, the 

nanoparticle samples are deposited onto Ge substrates, such that it is possible to 

distinguish the sample from the substrate. XAS is sensitive to the quality of the prepared 

samples and can diagnose any problems associated with the synthesis by simply 

measuring the absorption edge since oxidation can also be easily detected. 

As mentioned in the previous chapter, the L2,3 x-ray absorption edge maps out 

the local densities of states of the bottom of the conduction band and is sensitive to 

changes in the electronic structure of the nanoparticles caused by quantum confinement. 

The nanoparticle XAS spectra are compared to a bulk Si spectrum as a means of 

calibration. The bulk silicon L2,3 absorption edge spectrum shows the characteristic 

sharp absorption onset, corresponding to the L3 edge, and the spin orbit splitting at 0.6 

eV higher energy, corresponding to the L2 edge (2p1/2 degenerate state).1 At higher 

energy, 105 eV, there is often a peak which corresponds to SiO2. A silicon wafer is 

usually etched to remove the native oxide from the samples but, due to the high 

reactivity of Si, the wafer oxidizes rapidly and a small peak is seen in the spectrum. As 

discussed in chapter 3, XAS data can be collected via TEY. A representative bulk Si 

XAS spectra measured in TEY is shown in figure 5.1. The XAS measurements on these 

samples are generally measured using TEY where current from the secondary
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Fig. 5.1: Bulk Si XAS spectra in TEY collection mode.
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electrons produced is measured and amplified using a Keithley current amplifier. Gains 

on the amplifier are generally 108 or 109.

One of the most important benefits of using XAS and SXF is that the conduction 

band can be measured independently from the valence band. Most bandgap 

measurements are performed using optical techniques that measure the total bandgap. 

These measurements cannot provide information on the electronic structure that can be 

obtained by deconvolution of the conduction and valence bands, such as the effects of 

quantum confinement on the individual band edges. XAS and SXF can be used to map 

the conduction and valence bands respectively of Si nanoparticles by probing the s-p 

densities of states. 

5.2 XAS Measurements of Isolated Silicon Nanoparticles

Isolated nanoparticle samples were made using the inert gas evaporation 

synthesis discussed in the previous chapter. The synthesis chamber was back filled with 

He buffer gas to a pressure of 250 mTorr and the evaporator was heated slowly to the 

evaporation current. The crucible was then held at the deposition current to allow the 

temperature to stabilize the shutter was opened. The shutter was opened for less than 

one second to allow the nanoparticle sample to collect on the Ge substrate. Under these 

sample preparation conditions, we obtain very dilute nanoparticle films, less than a 

monolayer of nanoparticles deposited on the Ge surface. A representative AFM image of 

a sample under these preparation conditions is presented in figure 5.2.

It has been predicted that the bandgap of the nanoparticles will increase with 

decreasing size within a specific size region (the Bohr exciton radius). The Bohr exciton 



92

Fig. 5.2: AFM image of isolated Ge nanoparticles deposited on a flat silicon wafer2.
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radius for Si is 4.9 nm so this implies that nanoparticles of diameter less than 10 nm will 

exhibit quantum confinement effects3. We can experimentally observe quantum 

confinement effects be observing the shift in the edge features towards higher or lower 

energy with decreasing particle size when performing our XAS and SXF measurements, 

respectively. 

Nanoparticle spectra are generally exhibit fewer and broader features than the 

corresponding bulk spectra. These nanoparticle spectra are compared to the bulk 

spectrum in figure 5.3. The nanoparticle samples are especially distinctive from the bulk 

spectrum due to the lack of spin-orbit splitting features. There are several theories for 

the absence of any spin-orbit splitting features in the nanoparticle spectra. A large size 

distribution has been reported to broaden the edge features in porous silicon, thereby 

obscuring the spin-orbit splitting4. More specifically, each particle size will have a slightly 

different edge position, resulting in a broadened conglomerate nanoparticle spectrum. 

explanation seemed plausible until spin-orbit splitting features were observed in 

nanoparticle samples with very large sample size dispersities5,6 . An alternative

explanation can be attributed to the presence of core excitons or electron-hole pairs. 

Although excitons have been observed as distinct features at the absorption threshold in 

CdS nanoparticles7, sharp excitonic features are not observed in the Si L2,3 edges. Since 

neither of these explanations seem to explain why we do not observe the spin-orbit 

splitting in our samples, another mechanism must be responsible for this effect. 

Therefore, we propose that surface disorder interferes with the spin-orbit splitting, which 

is responsible for washing out the edge features. Similar evidence of this has been 

observed in the valence band of similarly synthesized germanium particles where careful 

characterization of the surface structure and first principle calculations determined that 

surface disorder and reconstruction, but not a size effect, was the cause of the 

broadened features at the edge8.  Although this does not definitively determine that this 
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is the case in Si, these particles are similar enough to make the comparison and shows 

that disorder on the surface of evaporated nanoparticles can lead to broadening of the 

structure in x-ray spectra.

As shown in figure 5.3, the position of the Si absorption edge shifts toward higher 

energy as the particles decrease in size. The edge position of each nanoparticle spectra 

is determined through careful measurements of the absorption spectra the position of 

the absorption edge in the bulk spectrum is measured by finding the crossover point 

between a line extrapolated from the top of the edge feature above the L2 edge and 

another line at the base line. The top of the edge feature above the L2 edge is used 

instead of the top of the edge above the L3 edge because the nanoparticle samples do 

not exhibit any spin-orbit splitting. This provides a self consistent means of measuring 

the absorption edge in the absence of spin-orbit splitting.  The extrapolation technique is 

demonstrated for both the bulk and nanoparticle spectra in figure 5.4. Each edge is 

measured multiple times and an average position is determined. Upon analysis, the 

largest nanoparticle samples are not shifted to higher energy when compared to bulk but 

are actually shifted slightly to lower energy. As the size decreases, the edge shifts 

toward higher energy, with a maximum shift of 0.6 eV for the smallest sample in this 

work.

The sizes of the nanoparticles were determined by AFM and a plot showing the 

conduction band shift as a function of size can be seen in figure 5.5. From this plot, it 

can be seen that at smaller sizes the magnitude of the shift increases as the size of the 

particle decreases but makes a large drop at 1.6 nm and the absorption edge does not 

shift. Due to the nature of these experiments, the electronic structure of the 

nanoparticles seems to be effected by more than just the size of the particles but also 

the proximity to other particles. The amount of particles also increases with increasing 

particle size and at larger sizes no size dependent shift of the absorption edge is seen 
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extrapolated to the edge until is crosses the extrapolated edge line.
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although the sizes are well within the range of quantum confinement. It may also be that 

oxidation on the substrate surface passivated any dangling bonds on the nanoparticle 

surfaces which leads to an increase in the absorption edge shift. As the nanoparticle 

proximity decreased, the particles may have begun to touch. These effects are 

discussed in the next chapter.

5.3 XAS of Thick Films of Silicon nanoparticles

As described previously, the CB shifts for Si nanoparticles disappear at larger 

particle sizes.  This observation cannot be attributed solely to quantum confinement

effects, as the CB shift going from a 1.5 nm to 1.6 nm particle is 0.6 to 0 eV, 

respectively.  Treating the quantum confinement effect as the only explanation for edge 

shifts may be acceptable in an ideal single particle system or for monodispersed 

particles, however, for real world applications (i.e. devices), the nanoparticles will need 

to be close together or touching (i.e. multilayers)9.

Using the inert gas evaporation synthesis method, thicker films of nanoparticles 

can be produced by simply increasing the deposition time. An AFM image of a thick film 

of nanoparticles is shown in figure 5.6. Several experiments were conducted to 

determine the effect of the particle-particle interaction on the absorption spectra of the 

nanoparticles and can be seen in Figure 5.7. In this figure, the spectrum of an isolated 

nanoparticle sample produced as described above (i.e. less than one second shutter 

exposure) is shown compared to the spectrum of a sample synthesized under the same 

conditions but the shutter was left open for several seconds (producing a multilayer). 

These experimental conditions should produce samples of exactly the same size, with 

the only differences arising from the amount of sample that is collected on the substrate.

Interestingly, the XAS data in figure 5.7 indicate that the isolated sample is shifted with 
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Fig. 5.6: AFM image showing a thick film of Ge nanoparticles deposited on a silicon wafer2.
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Fig. 5.7: Proximity effects are shown by the large difference in shift between a thick unpassivated 
and isolated unpassivated sample. Both samples were made in He buffer gas at a pressure of 
250 mTorr and 17 A of current on the evaporator. The particles were determined to be 1.5 nm. 
The thick sample shows no shift compared to the bulk Si spectrum but the isolated particles show 
a large shift. 
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respect to the bulk spectrum while the multilayer sample shows no shift relative to bulk 

Si. These results suggest that the electronic structure of isolated and multilayer, or thick, 

samples is inherently different, although the particle sizes have not changed.

There are several possible reasons for this change in the absorption edge in the 

thick samples. First, by changing the preparation conditions, the sample sizes could 

have increased which would decrease the quantum confinement effect and reduce the 

edge shift relative to bulk. However, studies, both from this research and previous 

research on Ge nanoparticles2, showed that both the isolated and thick samples 

produced the same sized particles when produced under the same synthesis conditions.

Since the background of the thick films of nanoparticles is difficult to measure the size 

against, a portion of the substrate was masked during sample deposition and the 

particles were measured at the interface of the masked region and the exposed region 

where there were some individual particles. As both synthetic strategies produced the 

same sized particles, an alternative possibility is needed to account to the reducing in 

edge shift sin the thick samples.  Particle agglomeration could account for the observed 

edge shifts as agglomeration will effectively produce a larger particle which will in turn

decrease the quantum confinement effects10. AFM studies on Ge nanoparticles have 

indicated that particle agglomeration does occur in the thick samples2 and is responsible 

for the lack of edge shift in the Ge Le edge spectra10. Even in the absence of particle 

agglomeration, a decrease in edge shifts can occurs due to the particles “touching”, or 

being in close proximity to one another. Bostedt et al. calculated that two 1.6 nm 

nanoparticles in close proximity would effectively become a 2.0 nm and have the 

corresponding edge shift10. When individual unpassivated nanoparticles come into close 

contact, their electronic properties can no longer be explained in terms of a single 

particle. Electron delocalization (i.e. wavefunction overlap) can occur between two 

particles, and this interaction can cause the reduction of observed quantum confinement 
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effects.  There are two ways to solve either the agglomeration or correlation problems:

one could (1) prepare a sample of only monodispersed isolated particles or (2) use a

method of physically separating the nanoparticles, such as a molecule placed on the 

surface. A molecule attached to the surface of a nanoparticle is often called a passivant 

because in direct gap nanoparticles passivation is used to increase the luminescence by 

eliminating non-radiative energy release. 

Surface passivation seems to be an obvious choice as it not only solves the 

problem off the particle-particle interaction, but also tackles another problem which is 

observed on nanoparticle surfaces: dangling bonds. Passivation of nanoparticle surfaces 

has been used extensively in II-VI nanoparticles to remedy dangling bonds on the 

nanoparticle surface and decrease the non-radiative deactivation processes which 

hamper the band edge photoluminescence11 and it is thought to have the same effect in 

silicon12. Proper passivation of the nanoparticle can fulfill dangling bonds on the surface

of the nanoparticle and can help to restrict the avenue of electron/hole energy release to 

be limited to band edge recombination13,14. This is observed in the absorption edge by a 

red shift of the edge position with respect to the position of the bulk spectrum.

5.4 Effects of Passivation on Absorption Edge Shifts

In this work alcohol groups were adsorbed onto the nanoparticles with the goal of 

passivating their surfaces and preserving the quantum confinement effects. In the 

present study, both methanol and ethanol were used to passivate the particles. Previous 

studies by Lay et. al. have shown that these molecules attach via chemisorption 

effectively to a clean bulk silicon surface15,16. 
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5.4.1 Methanol Passivation

The synthesis of alcohol passivated Si nanoparticles is the same as described in 

the isolated nanoparticle synthesis except that the alcohol was attached to the surface of 

the nanoparticles through the use of a liquid cell. After the buffer gas was evacuated 

from the chamber, the alcohol vapor from the liquid cell was introduced into the cluster 

chamber via a leak value to achieve a pressure of 1 x 10-6 Torr. The nanoparticles were 

exposed to this environment for 1 minute for the purposes of passivation with methanol. 

Then the chamber was evacuated so the alcohol would not interfere with the synthesis 

of the next layer of particles. The passivation was conducted after each deposition of 

silicon nanoparticles in order to allow the alcohol to attach to each layer of particles. This 

was performed for five deposition layers to produce a thick sample. Representative 

absorption edges of isolated, methanol and ethanol passivated particles are shown in

figure 5.8 and the results of all the samples measured in each of these passivation 

experiments are shown in figure 5.9. Although methanol is a small molecule, the results 

show that by putting methanol on the surface of the particles some amount of 

passivation is achieved. An increase in edge shift as size decreases is seen in the 

results of this study.

The XAS spectra of the methanol passivated particles showed increasing edge 

position shift with decreasing size analogous to the trends with the isolated samples but 

the shifts for the methanol samples were not quite to the same magnitude as the isolated 

samples.  The fact that surface passivation can retain shifts in the CB edge but not to the 

sample degree as the isolated system implies that both passivation and proximity effects 

exist in the methanol passivated nanoparticles (Figure 5.10). In figure 5.10, three 

possible conditions of the nanoparticles are illustrated, including isolated, touching and 

passivated with methanol nanoparticles. In the case of the isolated nanoparticles, 
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Fig. 5.8: XAS spectra demonstrating the effect of passivation on the Si L2,3 edge of unpassivated, 
methanol, and ethanol passivated Si particles as compared to bulk Si.
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confinement widens the bandgap of the nanoparticles as evidenced from the XAS data. 

The electronic structure of the thick samples are affected by correlation and aggregation 

as discussed in the previous section and results in a bandgap narrowing. When the 

methanol is put on the surface of the nanoparticles, many of the problems in the 

unpassivated thick samples are alleviated leading to a widening bandgap as observed in 

the isolated nanoparticles.

As already stated, it should be noted that the methanol passivated samples did 

not completely regain the shifts observed in the unpassivated, isolated samples. While 

the smallest isolated sample showed a shift of 0.7 eV, the smallest passivated sample 

only showed a shift of 0.5 eV. While this does indicate some passivation of the 

nanoparticles, this result implies that the particles are not completely passivated. The 

possibility of incomplete passivation in the nanoparticle surface led us to attempt 

passivation with longer chain alcohol molecules.

5.4.2 Ethanol Passivation

Although methanol appeared to isolate the particles from each other, there was 

still some difference between the confinement edge shifts seen in the isolated particles 

and the passivated particles. A logical explanation for this behavior is that this is due to 

the small size of methanol still allows some correlation between the nanoparticles. 

Therefore, a larger molecule, ethanol, was used to passivate the nanoparticle surfaces

in an attempt to increase the separation between them. Figure 5.9 provides a graphical 

comparison of the three surface structures, unpassivated, ethanol and methanol 

passivated. The surprising result from these experiments was that passivation with 

ethanol, figure 5.8, did not increase the shift in the energy of the absorption edge

compared to the shift obtained for methanol passivated particles. In addition, very thick 
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ethanol passivated nanoparticle samples did not show any shift at all while similarly 

prepared samples passivated with methanol did show absorption edge shifts.

Although the reason for the lack of increased passivation using ethanol was not

unambiguously identified, it is thought that the ethanol may have actually been too large 

to fit between the nanoparticles or possibly that steric effects may have limited the 

amount of ethanol that would attach to surface. Another possibility is that the ethanol did 

not attach to the surface of the particles as effectively as methanol, which would then 

result in less effective surface passivation. Irrespective of the underlying reasons for the 

absence of any shift for the ethanol passivated samples, methanol was used for the 

remaining passivation experiments.

5.5 SXF of Bulk Silicon

The mapping of the valence band states is accomplished through soft x-ray 

fluorescence (SXF) also called soft x-ray emission (SXE). As described in the previous 

chapter, incident x-rays excite the core electrons into the empty states and an x-ray 

photon is emitted due to a valence electron recombining with the core hole left by the 

absorption process. In this technique the incident x-ray energy is fixed and the energies 

of the emitted photons are energy resolved with a grating spectrometer. 

The bulk crystalline silicon SXF spectrum is characterized by the three broad 

peaks evident in figure 5.11. These peaks occur at 89 (A), 91.5 (B) and 96 eV (C) when 

the sample is excited at 102 eV well above the edge onset. These peaks are associated 

with 3s states, strong s-p hybridization and p states, respectively17. This spectrum 

contains contributions from transitions to both the 2p1/2 and 2p3/2 degenerate states 

which are separated by 0.6 eV due to spin-orbit splitting. As the sample is excited with 

lower energies, noticeable changes in the SXF spectrum are observed including 
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broadening of the two low energy peaks. Resonant inelastic x-ray scattering (RIXS)

effects at excitation energies below the 2p3/2 threshold. At low excitation energy 

(Eex=98.8 eV), an observable sharpening of the edge arises due to deactivation of the 

2p1/2 state and produces a shift of the edge by ~0.6 eV. In addition, at these lower 

photon energies, a new feature arises in the SXF spectrum (D) which is a RIXS effect. 

Due to the large dispersion in the SXF spectra with photon energy, all experiments have 

to be excited at photon energies high enough to include al l  spin orbit splitting 

components of the edge but not too high in energy to include emission from the oxide 

features. To this end, all the SXF spectra for the nanoparticle samples (and bulk Si 

standard) were all taken at the same excitation energy (100 eV) to obtain an accurate 

and self-consistent comparison of the VB DOS. The high energy edge position is 

measured to determine the upper limit of the valence states and is marked on the 

spectra by a dashed line. 

5.6 Quantum Confinement Effects on the Emission Edge

The probability of fluorescence emission is much less likely than Auger decay for 

Si, as discussed in chapter three and illustrated by figure 3.13. As a consequence, more 

sample is needed to perform SXF measurements than absorption measurements, which 

prevented measurement of the valence band for the isolated nanoparticle samples. 

However, thick samples of nanoparticles do not exhibit quantum confinement edge shifts

and, as such, careful passivation of the nanoparticles was needed to enable

measurement of the valence band edge shifts of these particles.  The samples were 

made in layers, first a layer of nanoparticles was deposited onto the substrate and then 

passivated with methanol. This was repeated until the sample was thick enough to 

perform SXF measurements. Because of this, the valence band data from these 
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samples will be compared to the absorption data from the same thicker, passivated 

samples in the total bandgap determination and not the isolated samples.

Representative SXF spectra of silicon nanoparticles are shown in figure 5.12 and 

are compared with bulk Si as a reference. Most observable are a small smearing of the 

DOS features in the nanoparticle samples and shifting of the VB edges to lower energy 

with decreasing particle size consistent with quantum confinement. The smallest sized 

nanoparticles showed a shift of over 0.6 eV. This data is plotted in figure 5.13a and the 

valence band to conduction band shift ratio is shown in figure 5.13b.

5.7 Total Bandgap Determination

From the SXF and XAS data the total bandgap can be determined. Since the 

conduction and valence band edge shifts have been experimentally measured in the  Si 

nanoparticle samples, the bandgap can then be determined by the relationship,

)()( bulkEVBCBNPE gapgap  4.1

where Egap(NP) is the bandgap energy for the nanoparticle, ∆CB and ∆VB are the 

conduction band and valence band shifts, respectively due to quantum confinement, and

Egap(bulk) is the bulk Si bandgap (1.1 eV at 300 K)18. Figure 5.13a shows the size vs. 

shift for both the conduction and valence bands. The ratio of the shifts of the valence 

and conduction bands can be seen in figure 5.13b. The relationship between these two 

is roughly linear with a ratio of 2:1. In previous studies of silicon nanoparticles, the

valence band shifts to conduction band shift ratio was 2:1 19 and the band gap was taken
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as

eVCBNPEgap 1.13)(  4.2 

Figure 5.14 shows the Si nanoparticle size vs. bandgap and it is observed that the band 

gap increases with decreasing size. This is in agreement to both previous experimental 

results and also computationally determined bandgap measurements19,20.

Several theoretical models, discussed in chapter 2, have attempted to predict the 

confinement effects of the bandgap on silicon nanoparticles. The models that give 

bandgaps closest to those experimentally measured to date, are the psuedopotential 

plane wave method determined by Reboredo et. al.20 and density functional theory by 

Puzder et. al.21,22.

The calculated bandgaps from Reboredo et. al.20 predict much larger band gap 

widening with particle size than observed in the work presented in this thesis and a

comparison of these values is given in figure 5.15. Overestimation of the band gaps by 

many different theories has been a common problem in the literature19. Several reasons 

may account for the differences between the experimental and theoretical bandgaps. 

First, these theoretical shortcomings may arise from surface and proximity effects and 

have been proposed to be due to the differences in surface passivation19. Surface 

passivation of the Si nanoparticles with methanol was originally intended to suppress 

proximity effects on the band edge shifts, however, as discussed earlier, these effects 

were not completely suppressed. Second, the differences between the experimental and 

theoretical bandgaps may also be due to differences between the actual measurements 

and the assumptions made in the calculations. The calculations assume single 

nanoparticles with no particle-particle interaction, while this situation is much more 

difficult to achieve experimentally. Although every effort was made to produce 
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monodispersed nanoparticles, it is conceivable that even when preparing the isolated 

particles (i.e. Less than a monolayer of particles) some particles may be touching. The 

introduction of particle-particle interactions could lead to wave function leakage leading 

to smaller bandgaps in the experimental data.  Third, the equation used to determine 

bandgap in this work, equation 5.1, does not take into account the binding energy of the 

exciton 20.

A more plausible explanation for the discrepancy between experiment and theory 

lies in the modeling of the nanoparticle surface. In another publication by Reboredo23, it 

is shown that surface termination may actually play an even larger role than confinement 

on the band edge shifts. It was predicted that methyl passivated surfaces will have 

narrower gaps compared to hydrogen passivated particles. Although the valence band 

edges of the isolated particles was not measured, assuming the same ratio of the band 

shifts seen in the passivated particles these particles can be compared to the theoretical 

predictions as well, figure 5.15. These samples are closer to the theoretical predictions 

but still do not match completely. 

The calculations of Puzder et. al.21,22 take into account more detail in the surfaces 

of the Si nanoparticles. Three different surface terminations were investigated, 

hydrogenated, oxide passivated and reconstructed.  These calculations, plotted in figure 

5.15, exhibit a much closer agreement with our experimental data. Although similar exist 

in these calculations as the calculations by Reboredo, it seems that proper modeling of 

the nanoparticle surface allows theory to approach bandgap values close to our 

experimental values. The passivated samples produced here are quite close to the 

theoretically obtained values for hydrogenated surfaces. The isolated particles show a 

smaller bandgap and are closer to the reconstructed and Si=O surfaces. This seems 

reasonable since the isolated particles may have some oxygen from the substrate 

present on the surface or have reconstructed the dangling bonds to minimize energy.
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5.7 Doped Silicon nanoparticles

A recent trend in silicon nanoscience research is the study of doped nanoparticle 

with an emphasis on understanding how the guest dopant can affect the electronic 

structure of the host nanoparticle.  One of the most important properties studied are the 

photoluminescence properties.  Researchers have been interested in understanding the 

mechanism of light emission in Si nanoparticles and finding a way to control both the 

frequency and line width of the PL.  An obvious choice for a chemical dopant in silicon is

erbium, as erbium has been used in many light emitting devices due to its of its bright PL

at 1535 nm, the same wavelength of current silica optical fiber technology24,25. The bright 

emission at 1535 nm from Er3+ states is due to an intra band (internal) 4f transition 

(4I13/2→ 4I15/2). This corresponds to the region of low loss for silica optical fibers. Silicon 

based optical sources would integrate easily into these systems and the demand for 

sources compatible with fiber systems is in high demand. 

The use of a silicon nanoparticle as a sensitizer, or antenna, for erbium PL has 

been previously studied24. Physically, the nanoparticle is excited by a photon and 

produces an electron-hole pair.  This electron-hole pair non-radiatively transfers its 

energy to the Er center via a dipole-dipole interaction (Förster energy transfer).  A non-

radiative decay to the 4I13/2 state is followed by a radiative decay to the 4I15/2 state which is 

the characteristic 1535 nm emission25. This emission could be used in many applications 

including waveguide amplifiers25. Figure 5.16 shows a schematic of nanocrystal 

stimulated emission of Er3+. When the nanoparticle is excited the emission couples to 

the Er ions via dipole-dipole transfer. A non-radiative decay to the 4I13/2 state is followed 

by a radiative decay to the 4I15/2 state which is the characteristic 1535 nm emission25.

In these experiments, the evaporation parameters were similar to those of the 

isolated nanoparticle synthesis; however a second evaporator was added which
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Fig. 5.17: AFM images showing a) nanoparticles are still formed when small amounts of Er are 
added to the nanoparticles but b) larger structures form when too much Er is added.
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contained erbium. The erbium was co-evaporated with the silicon to incorporate erbium 

into the silicon nanoparticles. AFM images of Er doped Ge nanoparticles have confirmed 

that nanoparticles do form in this synthesis, although AFM cannot prove the Er is 

incorporated into the particle26.  In Ref. 26, Er M5 edge XAS was used to probe the 

chemical state of Er in the Ge nanoparticle for confirmation that the Er dopant resided in 

the Si nanoparticle.  Both Er metal (oxidation state: 0) and Er2O3 (oxidation state: 3+) 

were used as standards and the Er M5 edge spectra of these samples were compared to

the Er M5 edge spectra of the Ge/Er nanoparticle.  A close agreement in the peak 

positions between the nanoparticle and Er2O3 spectra was observed allowing the 

identification of the oxidation state of the Er in the nanoparticle to be 3+.  This result is 

significant as it provides direct evidence that the chemical state of the Er changes from 

evaporation to incorporation in the nanoparticle.  Similar measurements can be used to 

prove the chemical state of Er in Si nanoparticles.

Er M5 edge spectra for both Er2O3 and a Er/Si nanoparticle are presented in 

figure 5.18.  The nanoparticle erbium edges were slightly shifted from the Er2O3 peak 

position, but not at the same energy as Er metal. This could mean that a slightly different 

form of erbium was present in the Er/Si nanoparticles then was observed in Er/Ge 

nanoparticles.  Nonetheless, there is direct proof that the oxidation state of the Er in the 

Si nanoparticle has changed from evaporation indicating that the Er dopant is 

incorporated in the Si nanoparticle.

In addition to the Er M5 edge, the Si L3,2 absorption edge was monitored with 

increasing erbium content (figure 5.19). Although small amounts of Er did not effect the 

position of the silicon absorption edge, larger amounts did reverse the shifted edge back 

to the position of bulk silicon. Through AFM images it was seen that with the addition of 

large amounts of Er, nanoparticles were no longer produced and most likely larger 

structures of silicon and Er are formed26. This shows that small amounts of Er can be 
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added to Si or Ge without disrupting the structure of the nanoparticles or the quantum 

confinement effects. This preliminary study showed that Er doping of silicon 

nanoparticles is possible using this method.  In addition, there is promise that the 

produced materials may contain the optically active Er3+ state that is required for any 

technological uses.
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Chapter 6:

Electronic Structure of Silicon Nanocrystal Multilayers

In this chapter, I will discuss how the synthetic strategies used in producing silicon 

nanoparticles can affect the electronic structure of the nanoparticles. Synchrotron based 

x-ray absorption spectroscopy (XAS) and soft x-ray fluorescence (SXF) techniques have 

been used to characterize the electronic structure of crystallized amorphous silicon/silica

(a-Si/SiO2) and nanocrystalline silicon/silica (nc-Si/SiO2) multilayer samples of 

thicknesses below 10 nm. In this chapter, I report on the conduction and valence band 

edges of nanoparticles in both of these samples and compare our highly localized 

electronic measurements with photoluminescence data in an effort to determine the true 

source of luminescence. The electronic structure from the nc-Si/SiO2 multilayers will be 

compared to that of the evaporated nanoparticles (Chapter 5) and interestingly, these 

two samples exhibit very different behavior. 

6.1 Amorphous Si/SiO2 Multilayers

These samples were prepared by Rishikesh Krishnan at the University of 

Rochester under the supervision of Philippe Fauchet1. Multilayer samples are made by 

alternately depositing amorphous Si and amorphous SiO2 films on Si wafers through 

radio frequency (RF) magnetron sputtering. RF magnetron sputtering is a deposition 

technique where a target is bombarded with ions resulting in the ejection of atoms and 

molecules. The samples were then characterized using transmission electron 

microscopy (TEM) to determine layer thickness.
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The electronic structure was characterized using x-ray absorption spectroscopy 

(XAS) and soft x-ray fluorescence (SXF) techniques. These experiments were 

performed at the undulator beamline 8.01 at the Advanced Light Source at Lawrence 

Berkeley National Laboratory2.  The x-ray energy is scanned through the absorption 

edges and is detected in total electron yield (TEY), where the total photocurrent into the 

sample is collected as a function of photon energy. All spectra are normalized to the 

current given from a highly transmissive gold grid. The resolution of this experiment was 

less than 0.1 eV at the Si L2,3 edge. The SXF spectra were measured in the fluorescence 

endstation on a Rowland circle grating emission spectrometer with an area detector. The 

spectrometer is situated at an angle 90 degrees from the incident x-rays. In SXF the 

incident x-ray energy is kept constant and the spectrometer detects the emitted photons 

within the selected range. The presented data was all collected at an excitation energy 

of 98.2 eV.

XAS and SXF have been used to map the band edges of the a-Si/SiO2

multilayers. XAS and SXF give element specific information about the electronic 

structure which can distinguish between the amorphous silicon and amorphous SiO2 

layers. In XAS a SiO2 peak is present at 105 eV because of the change in oxidation state 

of the silicon in Si-O. In SXF the electrons are excited below this peak to avoid exciting 

the oxidized silicon, as the observed VB features would be dominated by contributions 

from the silica layer.

The amorphous silicon (a-Si) SXF spectrum has much broader, less defined 

peaks than a crystalline silicon SXF spectrum therefore the collected data is compared 

against a thicker amorphous silicon spectrum rather than a bulk crystalline Si. Although 

the thickest amorphous Si sample is fairly small in size, the spectrum does not exhibit 

quantum confinement and is deemed a suitable reference standard for our experiments. 

The SXF spectra of the a-Si samples are shown in figure 6.1a and it is clearly seen that 
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no shift is seen in the valence band edge with decreasing layer thickness. These results 

are contrary to those observed by Lockwood et. al. where the x-ray photoelectron 

spectroscopy (XPS), using a Al Kα x-ray source, measured the valence band shift of 

materials synthesized in the same method3. The difference between in these seemingly 

similar experiments can be explained by considering the inherent difference between 

SXF and XPS. XPS measures the binding energy of electrons emitted from the core 

levels. Since electrons have a much shorter mean free path at the measured energy of 

1.5 keV, only the top layer of the sample is penetrated. SXF is a bulk technique since 

photons have a larger mean free path and is therefore measuring the energy of the

occupied electrons from the all the layers in the sample. Also, the use of a laboratory x-

ray source makes the measurements by Lockwood et. al. questionable since low signal 

to noise ratios are often seen in spectra measured at this energy range. Synchrotron 

measurements have the benefit of much higher flux leading to clear, high signal to noise 

spectra. These advantages make SXF a better technique to use to measure the valence 

band of these samples.

The Si L2,3 XAS edge gives specific information about the s and d DOS. The a-

Si/SiO2 XAS data showed that the conduction band does exhibit a size dependent (i.e. 

layer thickness) shift when compared to a thick amorphous Si reference (Figure 6.1b), 

consistent with a previous report by Lockwood et. al.3 The conduction and valence band 

shifts as a function of layer thickness are shown in figure 6.2. Also included in this plot 

are the results presented in the previous chapter from the gas phase synthesized Si 

nanoparticles. Since the a-Si/SiO2 multilayers are confined in only one direction, one can 

envision figure 6.2 as contrasting the electronic structure of 1-D confined (multilayers) 

and 3-D confined (nanoparticles) materials. Although confinement may play a large role 

in any observed shifts in the CB edge, one must consider the effect that lattice mismatch 

induced strain has on the absolute energy of the CB edge1. A conduction band shift 
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Fig. 6.1: a) SXF data shows that the valence band of the amorphous multilayer samples does not 
shift with decreasing size except for a slight shift in the smallest sample, while b) the XAS does 
show a small shift with decreasing layer thickness.
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towards higher energy has been observed in strained Si and strained Si/Ge alloys by 

Batson4.  As the strain in the thinner layered samples is likely to be higher than in the 

thicker layered sample, it is conceivable that strain effects may play a role in the size 

dependent shifting of the conduction band. To add further evidence to strain as a factor, 

Raman spectroscopy of these samples showed a strain induced shift of the Raman 

peak1. This is consistent with previous Raman measurements of porous silicon in which 

strain was also cited for the shifting of the Raman peak5.

6.2 Nanocrystalline Si/SiO2 Multilayers

The nanocrystalline Si/SiO2 (nc-Si/SiO2) multilayers were synthesized by 

Krishnan1 by first producing a-Si/SiO2 multilayers Followed by subsequent crystallization 

of the Si layers producing oxide terminated nanocrystals1. The a-Si layers were 

crystallized by rapid thermal anneal (RTA) at 950 ˚C followed by a longer furnace anneal 

at 1050 ˚C.  The RTA serves to induce nucleation of the nanocrystals and the long 

furnace anneal allows growth to the desired size as well as decreasing any defects in 

the layers1,6,7. The samples were then characterized using transmission electron 

microscopy (TEM) to determine layer thickness, morphology and structure of the 

nanoparticles. The electronic structure of these samples was investigated, as with the 

previous amorphous samples, using XAS and SXF. These measurements were also 

taken under the same experimental conditions at ALS in LBL.

The multilayer samples were imaged using TEM to determine layer thickness

and nanoparticle morphology (figure 6.3a). The TEM image shows that the interfaces 

between the Si and SiO2 are very abrupt with smooth layers. High resolution images and 

diffraction confirm that the SiO2 is amorphous and was not crystallized by the annealing 

step. The high resolution image in figure 6.3b shows the presence of lattice fringes in the 

particles indicating that they are crystalline. The nanoparticles are elliptical in shape with 
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Si

oxide

Fig. 6.3: a) Cross section TEM images of an nc-Si/a-SiO2 multilayer showing periodicity of the 
nc-Si and a-SiO2 layers. The nc-Si layer was 3.2 nm thick and the a-SiO2 layer was 5 nm thick. 
b) High resolution lattice image at thinner areas. The Si nano-clusters are separate from each 
other and are indicated by the arrows. The nanoparticles are elliptical in shape with typical sizes 
of this particular sample, lateral dimension 4-6 nm, height 2-3 nm. Images reproduced Krishnan1.
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typical sizes of this particular sample, lateral dimension 4-6 nm, height 2-3 nm. XAS and 

SXF have been used to map the band gap of the nc-Si/SiO2 multilayers. XAS and SXF 

give element specific information about the electronic structure which can distinguish 

between the crystallized silicon and amorphous SiO2 layers. In XAS a SiO2 peak is 

present at 105 eV because of the change in oxidation state of the silicon in Si-O. As with 

the amorphous samples, in SXF the electrons are excited below this peak to avoid 

exciting the oxidized silicon.

It was ensured that only the Si nanoparticle cores are measured in the SXF 

spectra and not the SiO2 layers, by exciting only the 2p core levels of Si and omitting the 

oxide region of the spectrum which occur at higher energy. Figure 6.4a shows the SXF 

spectrum of the samples decreasing in size from 10 nm to 1.8 nm. These spectra are 

compared to the bulk spectrum with the smallest samples showing a shift in the edge 

toward lower energy, consistent with quantum confinement. The distinct peaks in the 

SXF spectra indicate crystalline nanoparticles since amorphous silicon emission spectra 

have broader, much less defined peaks8.

Figure 6.4b shows the XAS spectra at the Si L2,3 edges from nc-Si/SiO2

multilayers with varying thickness of nc-Si layer. It can be seen that these samples show 

a size dependent absorption edge shift when compared to the bulk silicon spectrum. The 

thickest samples do not show any shift from the edge of bulk silicon and, in fact, are 

somewhat shifted toward lower energy. The absorption spectra show clear spin orbit 

splitting of the 2p1/2 and 2p3/2 components which has been observed in SiO/SiO2

multilayer samples9 but this is not seen in either porous silicon or evaporated silicon 

nanoparticles10-12. This lack of spin-orbit splitting feature is most likely due to surface 

disorder and not size distribution. Because of the RTA in this synthesis, the sample 

surfaces are most likely more ordered with fewer defects than the samples produced 

with the gas phase synthesis. It is possible that by annealing the evaporated particles 
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the spin-orbit splitting features would appear in the spectra. The conduction and valence 

bands shift as a function of layer thickness of the nc-Si/SiO2 multilayer samples and are 

plotted in figure 6.5 with the total band gap as determined by synchrotron methods of the 

nc-Si/SiO2 multilayers displayed in figure 6.6. For comparison, photoluminescence (PL) 

spectroscopy peak energies are included on this plot. The PL peak energies give a lower 

bandgap than that observed by our methods. This may be because surface states are 

contributing to the PL and creating inter-gap states that decrease the PL peak energy. A 

recent study on the source of PL from similar structures showed that surface states may 

be the source of PL from these structures if the surface defects are not completely 

eliminated by the anneal13.

6.3 Electronic Structure Comparison to Evaporated Particles

As the nc-Si/SiO2 multilayer particles are intrinsically passivated as a by-product 

of the synthesis, comparison of this system versus the thermal evaporation synthesis in 

Chapter 5 can be performed. Although the nc-Si/SiO2 particles exhibit good 

luminescence properties, the quantum confinement induced shifts in both the conduction 

and valence bands are smaller than those observed in the evaporated nanoparticle 

synthesis. Although the size range of the two nanoparticle samples is similar, the edge 

shifts are quite different both in magnitude and the general trend of the data.

The VB and CB edge shifts of the nc-Si/SiO2 particles were found to be smaller 

than either the isolated or methanol passivated nanoparticles produced via the 

evaporation synthesis. The multilayer band shifts are compared to samples synthesized 

via evaporation methods in figure 6.7. The multilayer samples show the edge shifts 

increasing with decreasing sample size. For the nc-Si/SiO2 samples the ratio of valence 

to conduction band shift is 1.5:1 which is different than the previously reported ratio of 
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2:112 measured from samples synthesized via evaporation techniques and also from the 

data from the evaporation samples from previous chapters. 

The differences in the electronic structures between these two types of samples 

may arise from a number of sources. First, the multilayer samples are elliptical while the 

evaporated particles are spherical. TEM images showed that the multilayer particles are 

not spherical but slightly elliptical in shape. Although the nanoparticle size is confined in 

one direction by the layer thickness, the planar directions do not have this restriction. 

TEM images of the planar view of the nanocrystalline multilayer show the shape of the 

nanocrystals for layers smaller than 5 nm to be roughly ellipsoidal with aspect ratios 

(W/L) ranging from 1:1.1 to 1:1.41. Samples of layers larger than 5 nm have higher 

aspect ratios, 1:3 to 1:4, and are more rectangular in shape. Theoretical studies on the

effect of shape on the confinement in nanocrystals, indicate that the bandgap is affected 

by elongation in one direction 14,15. These calculations have not been performed on 

silicon nanoparticles however, and the effect on these structures is unknown. A 

comparison can be made to the confinement of nanorods and nanoparticles. A study 

performed on InAs nanorods showed that the ratio of length to diameter affected the 

bandgap measurements dramatically16,17. As the length/diameter decreased, the 

bandgap increased giving evidence that an elongation of one direction can decrease the 

bandgap16,17. Second, the difference in surface passivation in these two types of 

samples. The evaporated samples are passivated using methanol while the multilayer 

samples are completely surrounded by oxide. Calculations on the effects of different 

surface passivations have shown that oxygen passivation can lower the bandgap of the 

nanoparticles if the surface is not reconstructed18,19. This may be due to the more 

localized oxygen states that create a stronger electron-hole binding energy18. Third, the 

synthesis method of the multilayer samples could also be causing the lack of edge shifts 

in these samples. There is a large lattice mismatch between amorphous silicon and 
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silica which leads to a large amount of tensile stress in the annealed samples. It is 

believed that the stress is annealed out in the recrystallization process but is the 

possibility exists that some stress remains and contributes to the DOS. This is often 

observed in strained silicon samples where the conduction band is shifted toward higher 

energy causing a widening of the bandgap without any quantum confinement effects 

present4.

A graph summarizing the band gap for the multilayer samples and the 

evaporated samples is shown in figure 6.8. The bandgap of the multilayer nanoparticle 

samples was also measured using photoluminescence spectroscopy. This measurement 

obtained bandgaps smaller than that using the synchrotron methods possibly due to 

inner-gap states that decrease the PL energy.

Similar nc-multilayer samples were characterized using XAS and SXF by Zimina 

et. al.9 The results we have obtained from the nc-Si/SiO2 multilayer samples are contrary 

to the results found by Zimina et. al.9 in their study of Si nanocrystals crystallized from 

SiO/SiO2 multilayers. That study found that although the valence band of similar samples 

was shifted by 0.5 eV in a 2 nm sample, no shift in the conduction band spectrum of the 

sample was observed. The samples measured here clearly show a shift in the 

absorption edge toward higher energy with the smallest, 1.8 nm, sample showing a 0.17 

eV shift, well within the resolution of this technique.  It can also be noted that the valence 

band shifts in our study are only half the magnitude observed by Zimina. Differences of 

this magnitude could only be due to very different DOS in the two structures which is 

puzzling since both structures emit bright PL spectra in the same region. This clearly 

points to luminescence sources other than quantum confinement in these multilayer 

samples.
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Chapter 7:

Conclusions and Future Work

In this thesis work, the electronic structure of silicon nanoparticles prepared by 

various synthetic methods was investigated. Nanoparticle samples produced via two 

different synthesis methods were investigated: (1) a thermal evaporation synthesis and 

(2) recrystallization of amorphous silicon multilayers. Both synthetic methods yielded 

similar sizes and shapes of Si nanoparticles but gave very different electronic structure 

results.

In Chapter 5, silicon nanoparticles were synthesized via thermal evaporation. 

This synthesis allows for the production of crystalline silicon nanoparticles in a 

reproducible manner in an ultra-clean environment. In addition, the surface chemistry of 

the particles and particle number density proximity can be controlled in an effort to 

engineer the nanoparticle properties. These studies demonstrated that properties such 

as proximity (i.e. interaction of particles), which have sometimes previously been 

overlooked, do significantly affect the electronic properties of the nanoparticle. The 

conduction band edge of isolated, unpassivated particles was found to shift toward 

higher energy with decreasing particle size consistent with quantum confinement theory. 

Multiple layers of unpassivated nanoparticles, however, did not show size dependent 

shifts. Electronic correlation of the unpassivated nanoparticles (i.e. the particle-particle 

interaction) leads to, essentially, bulk band edge positions without quantum confinement 

effects because of overlapping wavefunctions that no longer confine the electron to a 

single particle. These experiments on proximity effects on the electronic structure 
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suggested that surface passivation is necessary for the conservation of quantum 

confinement effects and the engineering of electronic properties in Si nanoparticles. 

Among the molecules selected for surface passivation of the Si nanoparticles, 

methanol proved to be an effective method to preserve quantum confinement effects 

that were observe din the isolated, unpassivated system.   Although the band edge shifts 

of methanol passivated particles were not quite the magnitude of the isolated particles, 

the surface passivation scheme did allow for the synthesis of thick layers of 

nanoparticles, a feat unachievable for thick unpassivated nanoparticle films. Of particular

note, the surface passivation allowed for the measurement of the valence band edge 

spectra via soft x-ray fluorescence. The surprising result was that ethanol did not 

increase the passivation effects and in very thick samples no edge shifts were observed.

Successful measurement of the valence band edge along with the conduction 

band measurements allowed for a determination of the entire band gap of the passivated 

nanoparticles.  The band gaps of the methanol terminated Si particle are similar to the 

values obtained for hydrogen termination Si particles1.  An interesting question that can 

be studied in the future is whether the slight deviations in band gaps between hydrogen 

and methanol terminated Si particles arises solely to experimental error or is due to 

surface termination2,3.  

The continuation of this research will involve the investigation of different alcohol 

molecules to determine if passivation with longer chain alcohol groups is possible. Other 

molecules, such as those with thiol groups, may also be attached to the surface of these 

molecules. With this thiol termination, it is envisioned that an array assembly of 

nanoparticles may be created via self-assembled monolayers (SAMs). SAMs are 

molecules which adsorb on a surface and spontaneously order via intramolecular forces 

(figure 7.1). By creating self assembled arrays of nanoparticles the possibility of 

integration into optoelectric devices increases. 



147

Au(111)
Mica or 5nm Ti on Si substrate

Fig. 7.1: Long chains of organics with a sulfur on one end of the chain assemble into self 
assembled monolayers (SAMs). The sulfur bonds to a gold surface and van der Waals 
interactions between chains cause alignment and ordering in SAMs. Silicon nanoparticles can be 
passivated with a thiolated carbon chain which will then self assemble. Head group of molecule 
can be changed for chemical functionality and better attachment to nanoparticles.
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An obvious area of potential research in the thermally evaporated nanoparticle 

system is the optical properties. Due to the observation of size dependent band gaps via 

x-ray spectroscopy, the observation of light emission via photoluminescence (PL) 

spectroscopy should be feasible. By coupling the optical measurements to the electronic 

structure measurements presented in this thesis, the source of luminescence can be 

determined as quantum confinement and surface states have both given evidence to 

contribute to the PL. The PL experiments are somewhat difficult to perform due to the 

dilute nature of these samples and although an initial attempt at acquiring this data was 

made, no conclusive results were obtained. Figure 7.2 shows a preliminary PL spectrum 

showing luminescence from a thick, methanol passivated nanoparticles. The PL is not 

completely understood for these particles as an in depth study was not performed.

Part of this thesis included the study if doped Si nanoparticle.. For the doped 

samples the main goal was to produce erbium doped silicon nanoparticles and 

understand the effects that the Er dopant had on the Si nanoparticle electronic structure. 

It was observed that as erbium was evaporated with the silicon, doped nanoparticles 

were formed and the confinement effects were not diminished until large amounts of 

erbium were introduced. Further optical experiments on these samples are needed to 

determine if the nanoparticle can effectively act as an antenna for the erbium centers. 

As a comparison to the thermally evaporated nanoparticles, the electronic 

structures of a-Si/SiO2 and nc-Si/SiO2 multilayer samples were investigated. The a-

Si/SiO2 multilayers did show absorption edge (CB) shifts, but did not show any emission 

edge (VB) shifts. This indicates that the bandgap was widening in these samples but 

only due to the conduction band and suggest that and interplay of both quantum 

confinement and strain may be affected the electronic structure in the systems. The nc-

Si/SiO2 samples did show both absorption and emission edge shifts but not to the same 



149

ratios as the evaporated nanoparticles. This could be due to passivation or shape 

differences in the samples.
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Fig. 7.2: Preliminary photoluminescence spectrum from deposited silicon nanoparticles. The 
nanoparticle spectrum is shifted toward higher energy than the spectrum of porous silicon.
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Appendix A:

Characterization of laser induced CdTe nanocrystals inside glass 

microspheres

Abstract

Glass fibers drawn from a bulk borosilicate glass doped with CdTe were heat treated by 

a CO2 laser to form microspheres at the fiber tip. The size of the microspheres varied 

from 50 to 300 microns. Subsequent reheating of the optically clear microspheres by the 

CO2 laser resulted in color changes attributed to the formation of CdTe nanocrystals 

inside the microspheres. Scanning electron microscopy (SEM) and atomic force 

microscopy (AFM) have confirmed smooth surfaces of the microspheres, which indicate 

high quality factors associated with whispering gallery microsphere lasers may be 

possible. The particle concentration and size have been characterized using 

transmission electron microscopy (TEM) and photoluminescence spectroscopy (PL). 

The size, chemistry, and optical properties of these CdTe quantum dots will be 

presented with a discussion of the applicability of these data to the fabrication of 

microsphere photonic structures.  

A.1 Introduction

Previous chapters of this thesis discussed different methods of quantum dot 

synthesis. One of these was nanoparticle synthesis inside glasses. Quantum dots have 

been found to be very stable inside glasses and isotropic materials. Some applications 

require synthesis inside isotropic materials and the natural passivation results in bright 
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luminescence. Many applications in optics are possible for these materials including 

amplifiers for waveguides1, and non-linear optics. The specific application where we are 

directing our focus of research is that of coupling the light emitted from the quantum dots 

to a glass microsphere. These microspheres act as a dielectric resonator, amplifying the 

quantum dot emission possibly to the point of lasing2-4. As discussed in chapter 2, 

quantum dots emit light of every visible color according to their size and they are 

valuable as an efficient source of any wavelength of light desired. Coupled to the 

dielectric microspheres, the quantum dot emission could be amplified and used in 

applications such as environmental detectors and biosensors5 or lasers2-4.

Dielectric microspheres have come into the spotlight because of their promise in 

many areas of technology. These tiny resonators have possible applications ranging 

from micro-lasers to environmental detectors to microamplifiers to tools of nonlinear 

optics2-5. They have the unique ability to store optical energy for long times in a very 

small volume and through innovative coupling devices, this energy could be used for 

signal processing purposes or lasers of very narrow emission line width. Since the 

spheres either are fabricated from commercial optical fibers or doped glasses, they are 

very compatible with present telecommunication technology, which makes them even 

more promising in the area of telecommunications.

The microsphere resonator theory is the so-called whispering gallery modes 

(WGM), which take their name from the phenomena of the domed ceilings of old 

cathedral galleries. It has been observed that two people standing many feet apart under 

a domed ceiling are able to whisper to each other and be heard perfectly some distance 

away. The sound is transmitted without loss by orbiting the domed ceiling. The same 

general concept occurs in the glass microspheres. The light orbits the microsphere via 

total internal reflection similar to light propagation in waveguides. Because the light is 

stored in a very small area, amplification of the light occurs6. Since the light can orbit 
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around the microsphere for a very long time without significant energy loss, the light 

coming out of the microsphere is significantly amplified as light continues to be added 

via a coupling method but experiences very little loss7. Optical WGMs allow light to 

propagate around a microsphere in a very narrow line because of successive total 

reflections around the equator of the sphere. This has been demonstrated in many glass 

systems including,  Er:Yb doped phosphate glasses7, Nd doped tellurite glass8, Er doped 

tellurite glass9, Er doped silica glass and silica glass10. Since each dopant produces a 

different wavelength of emission, a system with different parameters is produced with 

each glass and is useful in many different applications. Raman emission, another 

expression of the WGM, has also been observed using a silica microsphere lasing 

system3. By coupling size dependent emission from quantum dots into these systems, 

different applications could be realized by utilizing the same glass and chemical dopant 

but simply changing the size of the quantum dots. 

The quantum dot has only recently been added to this microsphere system11. 

When the quantum dots are inside of a glass microsphere this luminescence from the 

quantum dots interacts with the WGMs and effectively lowers the threshold of the input 

laser. CdSexSl-x quantum dots were embedded into silica microspheres and resonance 

WGMs were observed. The quantum dots were embedded into the microspheres 

through annealing at a temperature just above the glass transition temperature, from 

580-600º C11. Other systems which incorporate nanocrystals into glass microspheres 

include CdSe/CdZnS nanoparticles2 and InAs/GaAs nanoparticles4.

In this paper, cadmium telluride and cadmium sulfide nanoparticle growth was 

induced by a CO2 laser inside a glass matrix.  The CO2 laser was used to both create 

the microspheres and to induce particle growth. Optical and imaging characterization 

was performed to confirm the presence of nanoparticles.
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A.2 Experimental Methods

Previously synthesized B-9 and B-4 glasses12 doped with CdTe and CdS, 

respectively, were used in the experiments performed. The components of the CdS 

doped B-4 glass were as follows in wt %; SiO2 (56%), B2O3 (8%), K2O (24%), CaO (3%), 

BaO (9%), and CdS (.5%-1%).  The components of the CdTe doped B-9 glass are as 

follows in wt %: SiO2 (54.5 %), B2O3 ( 22.6%), K2O (6.6%), CaO (0.825%), BaO 

(2.475%), Na2O (2.26%), Al2O3 (1.056 %), ZnO (9.8%), and CdTe (3-5%). These 

glasses were then formed into fibers using an oxygen flame.  

Microspheres are fabricated using a Synrad CO2 laser to soften and taper a glass 

fiber at a power of about 3 W. The taper is then placed back into the laser beam to form 

the microsphere via surface tension at a laser power of 4 W. The diameters of the 

microspheres range from a few microns to hundreds of microns depending on the 

application and wavelength of light desired. The power is then decreased to 3 W/mm2 to 

induce particle growth inside the microsphere. 

The photoluminescence was measured using an argon laser and a nitrogen 

cooled CCD detector. Transmission electron microscopy images were taken of the 

particles inside the glass using a Philips CM-12 with a LaB6 electron source. 

A.3 Results

To determine the viability of these experiments and if nanoparticles could be 

grown using the CO2 laser, large pieces, bulk, of doped glasses were irradiated using 

the laser. A CdS doped B-4 bulk glass was irradiated resulting in extensive cracking due 

to residual stresses in the glass. However, a distinct color change was noted in the glass 

in the area where the laser beam made contact with the glass, indicating particle growth  
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Fig. A.1: Shown above is bulk CdS doped glass heat treated using the CO2 laser. A yellow circle 
with a diameter just larger than the diameter of the laser can be seen where the nanoparticles 
formed. 
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(figure 1). A yellow coloration can be seen in the upper right corner of the glass, 

indicated by an arrow.

With the success of laser induced nanoparticle growth in the bulk glass, the next 

experiments grow the nanoparticles directly in the microspheres. In these experiments, 

the entire microsphere can be engulfed in the laser beam resulting in even heating 

without residual stresses that cause cracking the bulk glasses. Additionally, 

microspheres introduce many possible applications as discussed in the introduction.

Glass fibers formed from CdTe doped B-9 glass were used to create 

microspheres. Microspheres with cadmium telluride particles were synthesized using a 

CO2 laser. Two representative microspheres can be seen in figures 2 a and b. Figure 2a 

shows a microsphere heat treated in the laser for only a few seconds and figure 2b 

shows a microsphere heat treated with the laser for several seconds. While 2a is a 

microsphere with clear glass, the microsphere in figure 2b shows a distinct red coloration 

indicating particles formed inside the microsphere. This coloration occurred after only a 

few seconds of heat treatment using the CO2 laser, whereas the furnace heat treatments 

generally take hours.  The photoluminescence from the microsphere in figure 2a gave a 

spectrum shown in figure 4 which is spectrally similar to that of undoped glass, figure 5.  

The microsphere which showed red coloration in figure 2b produced the spectrum 

shown in figure 3. This spectrum shows a sharp photoluminescence peak around 660 

nm. This is in correlation to previous work done where quantum confinement emission 

was detected at the same wavelength13.

 Subsequent TEM characterization was used to determine the size and 

morphology of the produced nanoparticles. The TEM micrograph shown in figure 6 was 

obtained from the microsphere seen in figure 2b, the nanoparticles range from 5-10 nm 

in radius and there were several nm between particles indicating generally well 

dispersed particles. The clear doped microspheres gave a similar spectrum to the 
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      (a)                    (b)

Fig. A.2: The  microsphere on the left was heated for as short a time as possible appears to be 
clear. This indicates either very small particles or no particles formed inside the microspheres. 
The microsphere on the right was heated for a few seconds is red in color indicating particle 
formation in the size range desired.
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Fig. A.3: This spectrum was obtained from a microsphere heated for 20 seconds at 10 W/mm2.
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Fig. A.4: The spectrum above was obtained from a microsphere heated for 10 seconds at 5 
W/mm2 and appeared clear.
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Fig. A.5: This PL spectrum was obtained from undoped base glass.
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Fig. A.6: The micrograph shown above is from a crushed microsphere which was red in color and 
the photoluminescence spectrum gave a narrow peak at nm. The particles ranged from 
approximately 5 to 10 nm. The microsphere was heated for 20 seconds at 10 W/mm2.
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undoped glass indicating that there were no particles formed in these microspheres. 

Also, TEM images could not find any evidence of nanoparticle formation in the clear 

microsphere.

A.4 Summary and Future Work

The CO2 laser heat treatment causes particle formation at much faster speeds 

than traditional furnace heat treatments.  While research is needed to optimize the 

particle growth and determine the area of particle formation, this process has given 

promising initial results. Other research that is in progress is the investigation of different 

semiconducting materials inside glass microspheres. Also, in situ photoluminescence as 

the particles form inside the microsphere will be performed. This may give insight to the 

mechanism of particle formation and quantum confinement luminescence.
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